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SECTIOR I
INTRODUCTION

The ecvnomical production of helicopter similators is & comlex probe
lem in wvhich experience is not &s widesvread as in the fixed-wirg fisld., The
similation of small perturbation reaction as practiced by heliccrter mamu-
facturers may be sufficient for their purposes, dat it i» impossible to
extend thie approach to the unrestricted case without gross modificatione.
Ae a matter of history, thess mndifications eypeared to be of such magni-
tude that prior to the design of the firet full flight regime helicopter
trainer (Device 2P5L, H-37A Hslicopter) Me'par, Inc. sought a more ana-
lytical schems for the expressions of helicopter flight. The investigsation
took full advantage of earlier work performed at NACA and variocus other
institutions and agencies. As & result of this effort the Modified Kladas
Element Approsch was developed and wvas further expanded and improved during
the development cof the HSS.2 WST K Device 2F&L. Murther extensions and
simplifications of the technique were then applied tc the HRB-1 OFT,

Device 2775. The equations utilised ty the Modified Hlade Flement Approsch
are developed in reference 1.

A variety of sources have, in the past established criteria for the
selection of computer components and ayetems foo aircraft simulation,
Their diagnosis has been thorough and well-established. Mark E. Connelly
in Computers for Aircraft Simulation, Report 7591-R-2, developed under
NNR Contracts N5 ori<07895 and N61339-45, produced & remarkable presenta-
tion of analog computer component anslysis. No attempt will be made here
to repeat or improve on tha. analysis. References will be aade to Nr,
Comnelly's report and in places injections of practical coneidsretions
and variations imposed by the chosen method of heiicupter simmlation
will be mads which influence choices of corpu.er components. After s
review of computer components, the chosen components will be employed

in the simlation task.
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3ECTION II
ASPECTS GOVERNING THE CHOICE OF THE OPTIMUM ANALOG COMPUTER

This volume will present recommsndations derived from the study of
the simulation equations az set forth in Volumes I and II. The recom
mendationy are intended as a guide to the selection of an optimun analog
mechanigation for the single rotor helicopter, tandem rotor helicopter,
and tilt-wing sim:lation equations. No attempt will be made here to
presct an anaiysis of analog computer characteristics., Bufficient study
reports exist that adequately present the details of analog computer
tecb.iiquas, ard reference will be made to these reports in support of
certain technique selections in the optimiszation of the mechanisations.

In the selection of & computer type to be used for aircraft simla-
tion purposes thcre are several factors that must be oconsidered to arrive
at an optimum selection, The optimum computer mmst have, first of all, a
means of communication in order to accept input data which describss the
simulation problem and defines the &l rcraft operaticral characteristics.
Secondly, the simulstion equations which describe the probliea parsmeters
must be sble to de simplified to the extent required by the problem
accuracy and still be exprsssed in the msohine language. A third son-
slderation is the noed for computer flexibility in order to accept the
anticipated aircraft mamufacturers design changez. The computational
sequence, dictated by the optimwm use of components and the type of
computer, is a fourth point of consideration., The fifth and most im-
portant factor is the choice of carrier to bes used in the computer.

A. AIRCRAFT DATA CONVERSION FOR USE IN THE COMFUTER

Considering the first point mentloned above, it has been the writer's
sxperience that the aircraft date supplied ky the alrcraft mamfacturers
is, of necessity, empirical in nature. For instance, the coefficient of
1ift versus angle of atiack curves for rotor airfoils ars plots of wind
tnnel empirical data. Since this 3ata is predominantly empirical and
presented in the form of smooth curves as functions of ome or two varia-
bles, the introduction and storage of these functions iz particularly
suited to analog function generation techniques.

These techniques, as the reader well knows, are manifested in
several different foras such as tapped or shapoé petentiometers or some
form of electronic function gsnerators, such as diods function genera-
tors. These techniques usually produce straight lins approximetions of
the desired funiction. The accuracy of the approximation is determined
by the mmber of break points selected during the dezign.

The person selecting the method of function generution to use in
the computer shoull take into consideration the required simulation
accuracy and flaxibility of the chosen method as well as cost considers-
tions. The present stite-of -the-art (reference i) provides the servo
potentiometer as the most economical means of generating slow'y varying
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functions, like the asrodynamic functions required in OFAMST's, The
electronic methods provide & wmore accurate and flexible method but at a

higher cost,

The cptimum choice of function generation recommended for the V/STOL
simulation then is the servo potentivmeter, since this is the most econom-
ical method and provides sufficient accuracy for the desired simlation.
Once the choice has been made to use potentiometers the data conversion
aspects do not bear any further on the choice of the computer since
potentiometers are equally useful in either an AC or DC carrier computer.

B. SIMPLICITY OF SIMULATION EQUATIONS

The mechanisation of unabridged equations of motion for an OFT will
produce & needless superfluity of equipment that is completely out of
proportion to the amount required to provide adequate training. Conse-

quently it is highly desirable to simplify the equations of simulation
to the extent that an optimunm balance exists between the informstion

supplied by the equations and the information required for pur-
poses. For instance, in Volums I (reference 1) equations 5-25a, b, and ¢
give the complete sxpressions for velocities in the X body axes as

X
a
Ug ® f(—ii- gein @ + Vyr - ch) dt

Y
[ 3 -
Vg " f(—ii+ g cos 6 sin & + Wp - Uor) dt
zl
W * /(-ii+g cos 6 cos & + Uyq, - Vop) dat

In order to simplify the expressions and provide a less complex
mechanisation it was noted that UO is usually the predominantly large

valocity. Consequently the contributions of the VG and wo Cross~
coupling terms may be omitted giving the final expressions

b ¢
[ §
Ug = /(-ii- g sin 6) dt

Y
V.= {24+ gcos ®sind - 0Ur)dt
a Hi G

y
a
W, ° /(710 g cos 8 cos & + Unq,) dt

as given by S-26 of Volums I,
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Although this simplification does alter the validity of the expres-
sions, the errors caused in the final velocities are negligible and not
d.toc“blo by the student and consequently the sams training value is
obtained with less hardware than if the simplification had not been made.
In this menner, the balance between imput and ocutput information is

achigved,

The extent of simulation required by the trainer specifications is
the limiting factor that controls the extent of simplification of the
simulation squations, In general, the hardware reduction bears a direct
proportion to the amount of simplification of the simulation equations,
Consequently, the simplification of the equations does not influence the
choice of the computer but only reduces the complexity of the final

mechanisation,
C, COMPUTER FILEXIEILITY

The flexibility of & computer is the ease with which the computer
can be reprogrammed to perform a different computation. In the deaign
of OF/NST!'s the procuring agency usually desires the development of the
trainar to be performed concurrently with the development of the aircraft
being simulated. This necessitates a clomse liaison with the aircraft
mamufacturer in order to keep abreast of design changes required during

the aircraft development. Consequently, the design of the OFAST must
include a consideration of the flexibility of the selected computer in

order that airframe deasign changes may be quickly and efficiently in-
corporated into the OF/WST design.

Fortunately the changes made by the alrframe manufacturers are
usally slight modifications to the numerical functions descriding the
aerodynamics, such as the coefficients of 1lift and drag. In an analog
ocomputer thess functions are formsd by tapped or shaped potentiometers
on the various servo shafts. A change in thess constants would result
in OF/WST modification to the associated potentiometers and amplifier
gain sdjustments. If as in section II.A the choice is made to use
potentiometers as function gensrators, no flexibility advantage is
realised in either an AC or IC carrier computer. Consequently, the
flexibility consideration does not affect the choice of analog computer

for the OF/WET,
D. COMPUTATIONAL SEQUENCE

The computational sequence formsd by the intercomnection of the
computational elements directly affects the optimum use of components
no matter what type of computer is selected for the OF/WST. Tiis is
obviously true if one considers the result of forming a computational
sequence without regard to optimum component use. For example, the
expression for the H8S3-2 landing gear pitching moments is given in

Volume I as
HLD - h.BB(Fw + pw) - 13.99 ’N + 5036 Xm
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This could be mechanized by first forming (FRH + Fw) as the output of
s summing smplifier and then scaling L.38 (Fm + Fw) at the input of a

second summing amplifier which sums L.38 (Fm - P‘w) with =18,.99 Fr *
€.36 ’m‘ Obviousiy the optimum sequence that should be used here 1s to
scale L.38 P 80d L.38 Fy. separately into a single summing amplifier
with =X8.99 Foeg * £.36 Iy, and thus eliminate one summing amplifier.,

While this is an extremely obvious example it does 1llustrate the value
of sequence considerations for component optimisation,

Computational sequence also affects the extent of simulation achieva-
ble with a given computer, 8ince a finite response time is inherent in
each individual computational element, the accumlative response time of
a complete computaticnsl loop must be matched to the response times of the
aysten being simnlated if a realistic simulation is to be acnieved. For
example, the CHi6-A tandem=rotor helicopter response is such that a 1,58
inch step imput of longitudinal forward stick deﬂastion vill produce a
maximum pitch acceleration of 2L degrees per second“, and the time to
reach this maximum acceleration ie 0,33 seconds after initiation of the
stick deflection, If the simulator is tu pressnt a realistic simnlation
of this computational lcop the pitch rate servo, q;, mst exhibit at

least the response indicated above, if a similar step input to the longi-
tudinal stick is applied to the simlator., Thie will certainly occur if
the computational sequence is arranged to minimize the computational
elements and the response times of the q integrator shaft is scaled to
produce the required loop response,

Thus, it is evident the comutational sequence is an extremely im-
portant aspect as far as obtaining a minimum component quantity for an
optimum response match, Howevsr, it haa very littls bearing cn an
optimum choice of computer type, as an AC or DC carrier,

E. CHOICE OF CARRIER

The choice of the carrier to be used for a particular simulation
computer desigrn is by far the most important aspect to be considered
in the selection of an optimum computer, There are three possible
solutions that may be dacided upon. They are, namely, an AC carrier,
a IC carrier or a hybrid AC-DC combination, One additional decision
must be made in the event an AC carrier is to be used, and that is the

frequency of the AC carrier.

Let us first consider the AC carrier computer and decide which
frequency is best suited for application in V/STOL aircraft simulation,
The most stringent requirement of the computer is the response charac-
teristica dictated by the anguler rates and accelerations of the aire
craft to be similated, Table 1 is a comparison of maximum rates and
accelerations of fixed wing and helicopter type aircraft, The fixed
wing aircraft values arv taken from the MIT-Whirlwind and the Goodyear-
Cyclone program (pages 174-175, refsrence L). The helicopter angular



p (roll rate)
q (pitch rate)

r (yaw rate)
P (rell acc.)
q (pitch ace.)

no- Ai gﬂov

FIIED WING

MIT - whirlwind

+ 6.3 to -7.8 rad/sec
+ «86 t0 -1,0 rad/sec

+ L.12 to -.13 rad/sec

+ 36,8 to -20.85 g\ooow
2

+ m.or to rog u-&\'.ﬂ

+ L.L7 to -2.82 red/sec’

Table 1,

Goodyear-Cyclone

2 10 rad/sec
*+ 1 rad/sec
+ 1.2 red/sec

+ bo u.l-\uoﬂw

+ 8 o -5 rad/sec’

+5 n-n\ooan

HELICOPTER

Single Roter Tandem Rotor
HS5S-2 Vertol HRB-1

2 2.k rad/sec *+ 2 rad/sec
¢ 1.4k rad/sec *+ 3 rad/sec
+ 1,28 rad/sec + S rad/sec
2 2

+ 3.3 rad/sec + 3 rad/sec
2 2

+ 1.5 rad/sec + 5 rad/sec
2 2

* 1.5 rad/sec ¢ 1 rad/sec

Comparison of Fixed Wing and Helicopter

Maximum Angular Rates and Accelerations
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rates and accelerations are those used in the H88-2 flight trainer and
those furnished to Melpar by Vertol Division of Boeing Airoraft for the
CHL6-A flight trainer. It is easily seen that there is a grest differ-
ence in the maximm response capabilities of the fixed wing aircraft
and the helicopters chossn, Likewise there is a variation in the compu-
tational speed requirement of flight similator computers for helicoptar
and fixed wing aircraft.

Assuming that the response of a 60 cycle system is marginal in
fixed wing applications, it can be seen in Table 1 that a & cycle
system is better than simply marginal for helicopter simulation since
none of the helicopter angular rates and accelerations in Table 1 are
as large as the fixed wing rates and accelerations, Note that q,,

4‘.’;1, r and P are not too different from helicopter to fixed wing, however

there is a marked difference in p and p. The required computational
spoed is based on the highest single rate and acceleration, i.e. roll
rate and roll acceleration for the fixed wing aircraft.

Chapter II, page 25 of reference L gives an anslysis of aervo systems
and concludes that LOO cycle servos should result in a servo response
that is three to four times better than is possible with a comparable &
cycle system. This is quite true, an. one may wonder why bother with &0
cycle systems if LOO cycle systems oifer such improvemsnt in response as
well as accur. and size. Both large and small computeras have success-
fully utiliuﬂoo cycls mystems, For example, sperational airborne
computers are predominantly LOO cycle aystems, also large operational
shipboard fire control systems operate from a LOO cycle carrier. If such
gystems are developed, then why should flight trainer mamufacturers be
hesitant to discard s & cycle carrier system? Unlike the mamufacturer
of operational tactical systems the flight trainer mamfacturer does not
develop flight trainers with weight and sisze reductions &s a prims design
goal, Neither does the prototype serve simply as a production model.
What argument then can induce a simulator manufacturer to discard an
operstional & cycle system to develop LOO cycle systems with little
hope of operational improvement? Before discuseing this development
consider another point before the problem is considered from a broad
viewpoint. Suppose the case arises where the carrier syrtam employed
introduces reduced fidelity into the system at meximum s&cclerations, dut
operates at & sufficiently high response to follow satiafactorily the
bighest accelerations or rates that one would normally expect--which may
be quite different from the maximum, Compared to other aspects of the
trainer hov important is maximum fidelity in this extrems operating
region? These regions are most often reached just before a crash
situation occcurs. Very little, if any, actual training is accomplished
at the extreme operation region of the aircraft. Regardless of the im-
portance of highly sccurate simulation in these areas, the decisions
concerning the choice of carrier frequency are based on a balance of

performance and cost,

Pror'cuing fron the earlier assumption that the response of either
a 60 or LOO cycle system is sufficient for helicopter simulation, but



NAVTRAIEVCEN 12053

that a 400 cycle carrier offers a greater response margin of safety,
consider some other factore that affect the choice of carrier frequency.
Factors influencing carrier frequency choice are listed on pages 26 and
27 of reference L., The statements contained in reference L are very
true but the injection of some practical considerations may lead to a
more selective choice of carrier frequency. The seven factors which
follow are similar to those listed in reference l.

1. 60 cycle powsr is widely available; LOO cycle power must be
generated at the OFT in kilowatt quantities and in some cases, with
undistorted waveshape and carefully controlled phase.

2. A LOO cps carrier produces a smaller and lighter weight computer.
This, of course, is the primary reasoning behind the adoption of a LOO
cps carrier for airborne and shipboard equipment, but is seldom highly
influantial in flight trainer design unless space for some special reason
is at a premium,

3. The problsm of phase shift (due to stray capacitance and in-
ductance) and pickup is more likely to occur in a L4OO cps system than
in a 60 cps system, As reference L points out, pickup may be eliminat-
ed bty proper engineering precautions such as the maintenance of low
driving impedance levels, shielding, and careful placement of wiring,
This sounds easy to accomplish, but the consideration of the practical
aspects of the accomplishment may be enlightening. We must remsmber
that OFT prototype developmsnt periods are commonly 16 to 18 mon“hs, and
the present trend is toward fixed-price contracts, Shielding, for ex-
ample, should be avoided whenever possible for a mumber of reasons.
First, shielded wires produce as many maintenance troubles (which lead
to an increase of computer cost with no increase in design) as any other
singls factor, particularly in the course of prototype debugging, whers
wiring is constantly being flexed. The ferrules at the end of each
shielded wire cut through the insulation shorting the conductor to the
shield and consequently to ground. Each time this occurs, the trainer
is turned off and check-out halts. Components are also lost, particularly
potentiometers where the wiper becomes grounded due to a fault in the
shislded cable, Shielded cable is also costly, bulky, stiff and general-
ly very difficult to work with particularly in large quantities. Another
point to consider here is the difficulty of simultansously reducing stray
capacitance and using shielded cable, Available shielded cable has a
capacitance of approximately 100 «uf per foot. Extremely long cable runs
are sometimes necessary especially in two trailer trainers., If these
cable runs are shielded then wuffer amplifiers must be used to reduce
the source impedance sufficiently to minimize phase shift, High im-
pedance wire-wound potentiometers also produce conditions (high source

impedance and high inductance) which leads to further phase shift.

L. The fact that most aircraft instruments utilize a LOO cycle
carrier is of no consequence since a LOO cycle synchro transmitter may
be driven by a servo operating on any desirable carrier. With the
present trend of reducing GFE, instruments are generally built to any
carrier specified by the contiractor.
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S. Amplifier design for a LOO cps system will be simpler in that
the lower sideband component of any reasonable xignal does not approach
gsero frequency as it may in the case of a &0 cps system, Particularly in
the case of transistorized amplifiers, a LOO cycle center frequency is
easier and cheaper to obtain than & 60 cycle midfrequency.

6. Tachomsters to .03% linearity as discussed in reference L are
very expensive &and greatly exceed the requiremsnts of present-day train-
ing devices. Tachometer linearities in the order of 1% with zero speed
voltages as low as 9 millivolts are much more common., These may be more
cheaply obtained either as LOO or 60 cps units,

7. The seventh factor discussed in reference L states the advantagss
of using magnetic amplifiers to reduce the power and maintenance require-
ments, The following reductions were realized in a study by Goodysar
Alrcraft Company: number of tubes--54,5%, power consumption--56.25%,
sige--i6%., Since the advantage may be realized oniy while employing a
LOO cycle carrier, it is implied that this is an advantage that should be
credited to a LOO cps carrier. A good deal of these advantages are
dependent upon the size and characteristics of the tube type amplifiers.
There is alsc the unanswered questicn as to whether or not a conversion
to transistor circuitry would not have produced equivalent or larger
reductions of maintenance and power conzumption.

It is recommended then from the above that if an AC computer 1s
selected for the V/STOL mechanization a 60 cycle system should be chosen.
While it is true that a LOO cycle system would provide a definite advan-
tage in response and accuracy, it is felt that these advantages are cver-
shadowed by the reduced responss requirements of the V/STOL aircraft
frequencies, Also the de-emrhasis of computer size restrictions in
simulators and the maintenance and phase shift problems introduced by
LOO cycle carrier further enhance the & cycle carrier choice,

Having selected the frequency of the carrier in the event that an
AC computer is chosen the choice must now be made between an AC carrier,
a DC carrier, or an AC-IC hybrid computer. First, let us make a cospari-
son between AC and IU compulers on the basis of the various computational
techniques, Reference L gives an excellent discussion of the relative
merits of AC and DC techrniques, A summary of each of the discussions
is presented here in support of the choice between AC and IC computers
for the V/STOL mechanization,

1. AMPLIFICATION. Amplifiers occur in very large quantities in

OF /WST analog computsrs due to the fact that they are used in so many
different applications, such as isolation, summation, servo motor drive,
inversion, etc. Consequently, the AC amplifier is afforded a large ad-
vantage over the IC amplifier in quantity required for a given mechani-
gation, since the AC amplifier can produce both polarity outputs by
virtue of its center-tapped output transformer, The IC computer requires
two separate amplifiers whenever both signal polarities are required.
Also, IC amplifiers have an inherent d4rift problem and require a special
cona!dcration in the design to insure that adequste regulation ia
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provided by the power supplies. Thie is not required during the design
of the AC computer, Due also to the drift problem, IC amplifiers are
usually mere complax, since stabilisation circuits are required. The
only advantage of the IC anplifier over the AC amplifier is its ability
to fora various transfer functions by the use of paesive network. Conse-
quently, the advantage definitely lies with the AC computer as far as
amplification is concerned.

2. INTEGRATION. IC electronic integration techniques have several
decided adva..tages over AC servo integration methods. 7The IC tech-
nique can integrate much higher frequency signals, have a much higher
dynaxic range, have a smoother output, cost lees and require less epace
and power. One feature, however, prevents them from being suited to
OF/WST application. That is their inability to perform long term open
loop ations as is required in the integration of the Euler angle
derivatives for instance. This application requires an angular output
of unlimited rarge vhich can only te obtained with servo integrators.
While a IC serve integrator can be used & IC tachomster is required to
provide & response better than an AC servo integrator. Unfortunately,
thias increases starting and rumning friction. 4s far as integration
techniques are concerned then AC servo integratore are slightly more
desirabis for the V/STOL mechanisation,

3. MULTIPLICATION, No advan lies with either AC or IC systems in
perforaing mltiplication operations, since nothing can compete sconomi~
oally or from the standpoint of versatility with the servo potentiometer,

L. TRIGONOMETRIC RESOLUTION, The use of AC resolvers for ooordinate
resolution as opposed to sine-cosine potentiometers providee greater
accurecy, groater resolution, longer life, and less friction, If the
poorer conformance of sine-cosino potentiometers to the trigonometrie
funotions can be tolerated then trigonomstric resolution can be accom=
plished in an AC system more economically using potentiomsters rather
than resolvers. This can be sesn by considering that beth the re-
solver and the potentiometers require two input and two output ampli.
fiers. Bven though it's true that the summing of components takes
place internally in the resolver, the potentiometer outputs can be
summed in the succeeding input amplifiers. The AC techniques defi-~
nitely have the advantage here.

S. FUNCTION OENERATICN., Ecoromically and versatility-wise the servo
potentiomster has the advantage here. Consequently, AC or IX systems
are equally optimum since potentiometers can be used in either system.

On the basis of the marits of the computing techniques described
above it appears that the AC carrier computer would have the advan-

over the IC carrier computer in the mechanisation of the V/STOL
aircraft. In all of the areas discussed, except function generation
and mltiplication, the AC methods would appear to be the more optimum,
In the mechanization of some of the supersonic fixed wing sircraft,
where the signal frequencies that would be encountered were expected
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to be much higher than one or two cycles, somes of the kybrid methods of
DC integration followed by an AC position shaft or DC electronic function
generation might be more applicable, In general, it has been the experi-
ence of the writer that if the requirements of the sim:lation problem
are such that either an AC or IC carrier computer is adequate to perform
the simulation, then the only thing that is schieved by combining AC and
IC techniques is additional equirment, This additional equipment is
required to make up the AC-DC interface.

It is therefore recommended, on the basis of axamination of the
merits of the various techniques, that the optimum mechanization for

the V/STOL aircraft would be a &0 cycle AC computer. Section III will
examine the mechanizations in detail from the standpoint of optimum

sequence and optimum cost and complexity.

1
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SECTION III
MECHANIZATION OF EQUATIONS OF MOTION

A, GENERAL MECHANIZATION

This section deals with the mechanization of the equations of motion
for helicopter and V/STOL aircraft. The mechanizations of these aircraft
will reflact the use of 60 cps AC, LCO cps AC, IC and possible AC-IC hybrid
carrier frequencies, however the flow charts in this section are developed
for an AC mechanization with explanation of additions or deletions to
these flow charts that are necessary to form flow charts for IC and AC-IC
mechanisations. To &id in this extensive task a general flow chart inde-
pendent of aircraft type and applicable to either helicopter or V/STOL
aircraft is developed. In Figure 1 areas of mechanization are the blocks
containing & bracketed mumber i.e. (1). The second task is then to develop
the blocks in Figure 1 that are dependent upon the particular aircraft type.
This lsads to the helicopter and V/STOL mechanigsations. Tabulations of the
various components necessary to mechanige the various blocks in Figure 1 will
be made as a function of AC or IC mechanization so that conclusions regarding
optimum mechanization can be made in Section IV.

Bafore developing the blocks in Figure 1 that have identical repre-
sentation for any aircraft in this section, a few ground rules will be
established. Imputs to a block are described by arrow heads intersecting
the blocks and outputs are defined as lines intersecting a block, Table 2
contains definitions of numbered blocks in Figure 1 and Tabls 3 establishes
the meaning of the symbols in the mechanization flow charts., In the actual
mechanisation all inputs for a particular flow chart are assumsd to be
previcusly generated. FEach block in Figure 1 will be considered in the

following paragraphs,

Hock (1) - Pilot Control. The asignal inputs that will be shown
for the various alrcraft will be due to control stick movements. The
particular signal inputs will be observed as inputs to Block (L) for each
aircraft described. Inputs to Hlock (2) are not considered.

Block $2E - %gina Simlation. The signal inputs to Block (L) from
the Engine ation represent the required performance output paramsters.

Simulation of engines is not described in this report; only the specific
output terms necessary for the simulation of the particular aircraft.

Rlock (3) Aero Variables. The serodynamic (Aero) variables are
generated bty signale that complete the major loop in the computer repre-
senting the aircraft equations of motion, Block (8) for the V/STOL air-
craft and Block (12h) for the helicopters feedback the velocities U, V and
W to Block (3). Block (10) or Hlock (12) feed back the pressure altitude

%) to Hlock (3).

Hock Aero Terms, In this block the asrodymamic equations are
fo a Te the generation of the asrcdynmamic forces (X_,

Y, and z,) and momente (L, M, and N ). The mechanisation represent

12
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RocK HELICOPTER V/STOL AIRCRAFY
(1) Pilot Control Pilot Control
(2) Eng_ne Simalation Eagine Simulation

(3) Aerodynamic Variables

h) Asrodynamic Terms

(s Porce Summtions

(6) Conter of Oravity (c.g.)
Mass, Inertia

(7) Moment Summations

(8} Linear Velocities

(9) Angular Rates

(10) Forw Earth Axis
Velocities

(11) Formation of
Buler Argles

(12) —

(12n) Summation of Wind

and Hody Axis, True or

Oround Velocitiea
{13) -

(13n) Resolution of Wind
Iuputs to Body Axes

(1) Instructor Input

Asrodynamic Variadbles
Aerodynaxic Terms
Force Summations

Center of Oravity (c.g.)
Mass, Interia

Moment Summations
Linear Velocities

Angular Rates

Resolve Linear Velocities
to Inertial Velocities

Formation of
Enler Angles

Sumtion of Wind and
Adrcraf't Inertial Velocities

Wind Inputs from
Instructor

Instructor Imput

Table 2, FHlock Terminmology
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A :j A+B+C
\ > Summ‘ng Amrlifier

0(t) — G(L) +H(t) I (%)
H(t)=—— Amplifier and Position Servo

J(t)

G(t)——-tnn JTG(t) +H(t) wJ(t) Jdt

H(t)—— Amplifier and Integrating Servo
J(t)—!
P
P4
+A . - +A6
2 Potentiometer
V4
*A 7 A0
A cos0 + B sinod
+* -
. \ cos " s }L
< Resolver

+7 )<A 83in6 + B cos 8 = O
>

+a—¥—’m K
*A * Acos e > Sine-Cosine Potentiometer
(Various signs of cos 0 and sin #
A sin 9 > can result depending on initial
-A wiper orientation)
& Ground
Function

£

Table 3. Symbols Used in Mecharization
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the Aero terms will be shown for each particular aircraft further on in
this section,

Block (5) Force. The force summations are basically the same for all
aircraft. Each force component (X , Y, and z‘) has an associated summing

amplifier. The inputs from Block (L) are the important portion of the
mechanisation.

C.G, Mass (M) and center of gravity (c.g.) loca-
tion are obtained as servo shaft positions, This mechanisation involwass
simple summation, In Figure 2 notice that the feedback potentiomster is
connected for division operation for mass mechanisation. The shaft posi-
tion is then an inverse function (%_). This is done to avoid the scaling

computations required for potentiometer divisions since M is used as a
divisor in its associated equations. Shift in c.g. in Figure 2 is along
the x-body axis and is denoted by dx. Usually c.g. shifts along the
x-body are the only shifts considered, however if a c.g. shift in the y
or ¢ body axis is important for a particular aircraft, it will be mention-
ed at that time,

Hlock 572 Moment. The moment summations are basically the same for
all aircraft. moment component (L., M., N‘) has an associsted

suming amplifier, The inputs from Hlock (L) are the important portion
of the mschanization.

Block (8) Velocities. In block (8) the interest is in developing
the linear velocities (U, V and W). These are computed by summing the
respective force (X, Y or Z) divided by the mass of the aircraft with
the sppropriate gravity and angular rate effects and then integrating.
Figure 3 shows the three integrations to get Vg, Uo and 'G with
associated inputs. Servo shaft positions are not required to mechanise
these velocities but since Figure 3 is for an AC mechanigsation, servo
shafts are required for the integrators. The integrations could have
been done IC just as well and more economically. oice of AC or IC
should not be made at the subgystem level--but for large computation
areas, This will be done in the summary.

Block i92 % Rates, Having computed the moments in Hlock (7),
the calculation e respective angular rate (p, q,, or r) is accom-
plished by the integration of the respective moment #hich has been
divided by the proper inertia term. Integrations can be performed bty
AC servo, IC servo or IC resistive capacitance circuits. Hlocks (k)
and (7) are the important determinants as to vhether to use AC or IC
in mechanisation. Consequently, the development of Aero Terms as well
as the summary mechanisation considerations of Section III will have a
decisive influence on the way in which the integration is performed.
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Ref
Ref
-d e
xBasic
\ STl dx
d"S'r2 -
~-K4M
1 rfwd
K, M —
2 faft
Mt Masic * Mt mMery ¥ oMy, Where:
. K = distance from c.g.
I =1 + KM, + n, I + n,I to centroid of
*x xx‘Basic £ 1 xxs,rl 2 xxST2 fuel mass
M = Mass
d = - 4d + Ad + Ad - KM + K.M
x *Basic ST, XsT, ! Trwa 2 T,py  Subs:
Basic = based on
design weight
dy = dz = 0 Iyy = Const, Izz = Const, empty
n, or n, = number of
' stores of
'K].Hr and xznf - Adx due to mass of fuel Type 1 or 2
fwd aft

forward and aft, respectively STl, ST2 = stores,
Type 1 or 2

Figure 2, Center of Gravity (c.g.)
Mass, and Inertia
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Block (10) Resolve to Inertial, Body axis velocities (U, V, W) for
V/STOL aircraft are resolved to the inertial frame through the Euler
angles (@, 0, ¥) then added to instructor inputs to give the earthbound
rates, For the helicopter, ground velocities (U,, V,, WG) are resolved

in Block (10) to form earthbound rates, Figure L shows an optimum
mechanisation for this resolution. Resclvers have bsen chosen to perform
the coordinate resolution to the inertial frame since it is necessary to
provide the accuracy to insure reliable integration for position. The
integrators in Figure i mst have the capability of long integration
times, since these outputs are generally used for plotting boards and
‘lti-m'o

Block 5112 Euler %lea. The computation of PEuler angles 1is a
combinatiIon of coo resolution and integration., Figure S is an
AC mechanisation using resolvers and AC servos for integrstion. Mgure 6
is a IC mechanisation using DC amplifiers, sins-cosine potentiometers and

IC electronic integrators followed ty IC position servos.

AC c
Component No. Wt. No, Wt.
L_Asplifier 7 7 12 24
Servo 3 21 3 2l
{S=C Pots 2 1/2 L 1
vers 1
[ Complexity | 13 | 29 19 L6

Table 4. Euler Angle Tabulation

The woifat factor, (Wt.) of nents, in Table L are those used
by Connelly in references 3 and 4, e weighting of components will be
used for later evaluation of mechanisations, The weight factors are as
follows: an AC amplifier is one (1), a IC amplifier is two (2), AC and
IC servos are seven (7), a potentiomester is one-fourth (1/L4), a resolvsr
is one-half (1/2) and function generation is unspecified as to weight,

but is specified by number (no.). Any function genmeration is assumed

to be done by potentiomsters which would be equal in number in an AC or

IC system,

Hock {12% V‘STOL V‘“"’F' At this point inertial velocities
Uy VI and rate of ¢ are mixed with instructor wind inputs
(R, and £) to yield the earthbound rates (N, E, R/C). This is & simple
preocess and consequently requires two swmming amplifiers,
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Rock (12h) Helic?ter Voloci%. In the helicopter simulation the
velocity outputs (U,, Vj;, Wg m Hlock (8) are summed with the wind
velocities (U', v,V w) from the instructor in order to give body axes

velocities in the air mass (U, V, W), This operation is a simple summing
process and consequently requires three summing amplifiers. This summing
is done in Migure 7 by amplifiers (7-2), (7-3), and (7-L). However, if
IC computation is used, a servo is indicated for W and both signs are
necessary for U and V so that two more smplifiers are needed for generat-
ing (+V, -V and +U, -U),

Wind, These are simply signal inputs from the instruc-
tor so that no equipment is specified.

Hlock 515;:;) Wind Resolution. In Hlock (13h) instructor inputs repre-
senting ction T¥ ) and velocity ('"G) are transformed to components

U, Vy and W for the helicopter simulation. In the AC mechanisation of
Figure 7,)/' is the input to amplifier (7-1). By the use of a sine-cosins
(S-C) potentiometer and resolvers, the velocities U, V' and H' ars ob-
tained, Figure 8 is the DC representation of Figure 7.

AC c
Component No. Wt. N wt.
| amlirser | 6 | 6 | |28
|__Servo a7 1 7
8-C Pots 1 1/} 6 1-1/2
solvers 1.1/2
~ - | 36-1/2

Table 5. Wind Resolution Tabulation

Table S is a comparison of the AC and IC mechaniszations of equations
shown in Figures 7 and 8.

Block (1li) Instructor's Inputs. These inputs are signals controlled
by po ometers & e instructor'es console. There is no associated
equipment for this operation. This is the last block to be considered in
Figure 1, The next task is to consider mechanization of specific aircraft

of which the single rotor helicopter will be the first.
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> 2 - -
A //

-REF

-Uy * *w COS 0 COS (y- v + 180°)
Vi = *w [SIN ¢ SIN 0COS (¢ - v, *180° +COS®SIN (y-w, lso°)] 3

~Wy = w [SIN 0.COS0COS ( y-y, +180°) + SIN@SIN (-, *+ \soo)]

Figure 7 Velocity Summdution and Wind Resolution AC Mechanization 24
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Wind blows from vy, heading (true) at.v{tt./sec.

U, - (-)Lﬁos 0 cos(¥ - LI 180%)
VH - (-)7/{{31:7 @ sin & cos(Y - e 180°)

- cos & sin(¥ - ¥ v 180°)}

L7 (-W{sm 9 cos ¢ cos(Y - %, + 180°%)

+8in & sin(Y - ¥ ¢ 1ao°)}

U-U(}ouH

v-vcnrw

W-WGOHH

FPigure 8. (Cont'd,) Velocity Summstion
and Wind Resolution IC Mechanisation
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B. HELICOPTER MBCHANIZATION

Mechanigations for two helicopters are considered--the single rotor
helicopter represented by the H8S-2 and the tandem rotor helicopter repre-
ssnted by the CH-L6A., The major portion of the mechanisation discuesed
is for the single rotor equations of motion, In Volums I of this report
(NAVTRAIEVCEN 1205-1) it was shown that the tandem rotor could be simula‘-
ed by considering one rotor as a function of thes other rotor—that is to
sxy that a single rotor simulation i¢ sufficient for the tandem rotor

similation,

1. SINGLE ROTOR HFLICOPTER. Figure 9 is a block diagram for the AS8-2,
Tevice 2F6L, singls rotor helicopter which is siidlar to Figure 1. Again
esach block in the flow diagram will be considersd sseparstely. On each
mechanisation dr wing are the spplicable equations from Section VI.
Mechanization drawings are for AC carrier except in a few cases vhere 1t
was necessary to include IC mschanisations for the sake of clarity. These
drawings mxy be used for 60 or LOO cycle AC as well as DC with slight
modification, Each block in Figure 9 will now be considered and the
machanisations discussed with regard to optimisation., Definitions of
helicopter symbols are outlined in Section VI.A.l.

1 1ot Control. Hlock (1) of Figure 9 produces the out-
puts A", g* Dng’ 288 result of control movement. Definitions of
these terms are contained in Sectiom VI.

B 2 Block (2) of Fig; 9 has as cutputs
the torques R [} ° engines in the H « These are
considered as available xignale since no engine simulation is oonsidered
here.

Hlock (3) Aero Variables. The AC mechanigation of Hlock (3) of
Figure 9 1s shown In Mgure 10. Equations 41, &2, 66 and 6.82 are

nchmisodboprodnnothoautpntaa,p,q,/,vrmd'i . The
mean

mechanisation of "1 is included in Figure 10 since it is directly
mean
related to the generation of the asrodynamic variables. A literal
step-ty-step discussion of Figure 10 will now be given. This will not
be dons for maxty of the remaining drawings since the methods of mechmi-~
sations in Figure 10 are repeated throughout the report, and such a
contimuous literal discussion when ths equations are on each drswisg
and each line in the drawing is labeled would be laborfious, redundant

and difficult to read.

In FMigure 10 wi is formad by dividing main rotor 1ift over air
mean
density ('WP) by the total velocity of the helicopter (vr). This

signal (.nm/v.r) is fed into & servo amplifier wherehy ¥ is
&n
generated by a servo shaft., Wy is used as position {eedback and the
. mean
rate feedback is '1 .
mean
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V!. is formed next in Figure 10, A function of vertical velocity,

~t(W), is developed first. This is then miltiplied by a function of
wimm to give ~f(W)L(wW ). The functions are generated by shaped
an ,
potentiometers, £, and f,, Next, -f(W)f(W ) is added to vertical
an
velocity, W, in a summing amplifier to form the output [W - f(V)f(Hibn)]

which is then fed into the stator winding of a resolver on the a servo

shaft. The other stator winding of the resolver is driven by the heliw
copter forwvard velocity, U, through a resolver drive amplifier, The out-
put of one rotor forms the function (W - f(\!)t(‘ll }JJcosa -Using

which is fed to motor amplifier of the a servo shaft, Now, since output
of the rensolver is the driving source of the servo shaft, the servo
shatt will contime to drive the resolver until the resolver output is
ssro. When this occurs, then

W= IW)IWM)] 008 a=-Using =0

[V - 202w, )]
and sing .. Q= ———robn
cos @ U

If the resolver is seroed such that (a = L°) = 0 when a = 4° then equation
5.1 will have been mechanised, (W - £(W)f(W, )] cos (a - L°) -

mean
U sin (a - L°) will be identically equal to sero and the servo shaft will
form the function a. Since the shaft of the resolver is nov positioned
sutomatically to a and the resolver is seroed so that its shaft posi-
tions to (a = L°) the remaining rotor winding forms the function

U cos (a - L®) + [W - £(W)e(Wy__ )] sin (& = 4°), which 1s easily seen
to identically equal Vi + [W = £(WIZIW,  J)° if one considers U

and the W function as lege of s right triangle and the hypotemuse as
the sum of the projections of the legs.as showm in the sketch below,

U
< T,
| ot -4 3
I il
| Q\Qk“'*
| f@l\ W= F(WIE (Wi 0a)
| (i .QX‘
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In a manner similar to the above the helicopter sldeward velocity,

V, and U2 + [W - r(w)r(wi )]2 are used to drive a resolver on the P
mean
servo shaft. The relation V cospP - sin B [U cos (a - ho) + (w - r(wW)r

(Wi ) } sin (a - L4°)) is used to drive the servo shaft so that the
mean J

shaft positions to the angle equal to B and equation 6,2 is mechanised.
The remaining rotor output 1s conveniently found to be the helicopter
total velocity, V,, since it forms the square root of the sum of the

squares of the resolver inputs in the same manner as the a resolver,
The output, VT, is fed to a motor amplifier to drive the VT servo shaft.

The last mechanization in Figure 10 i that of dynsmic pressure (q).
Initially, functions of pressure altitude (hp) are fed into an amplifier

as air density (p) to form a /' servo. A 2 servo sheft potentiometer
wiper output is fed into a buffer smplifier whose cutput drives a
potentiometer located cn a V,r servo sharft. The wiper output of thie

potentiometer is PV which is fed into a buffer amplifier whose output
is 1/2 /OV and drives a potentiometer located on a V, servo shaft.

The wiper output of this potentiometer is 1/2 © Ve mich is equal to q.
In turn, q is fed into an amplifier which drives t.ho q position servoc,

I mechanisation of Figure 10 involves sina-cosine potentiomstaers
and additional amplifiers for buffer and sign inversion purposes to
replace resolvers, If resolvers are used with DC, modulators and de-
modulators would be necessary. This component complexity i1s due to
the interfacing of AC and DC equipment. Table & is a comparison of AC

and IC componants,

AC C

Component No. wWt. No. wt.
Amplifier 12 12 18 36
Servo 6 L2 6 L2
Pota 2 1141 5 1 1
8-C Pots L 1
Resolvers

Complexity

Table 6. Aerodynamic Variables Single Rotor Helicopter
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For e&ch resolver in the AC mechanization twc sine-cosine potentiometers
and three additional amplifiers are neceassary "sr a !X’ mschanizatior,

g%oﬁ i%g dero Terms, The AC mechanigation of Rlock (Li, Figure ¢
is 41 ee parts--Tail Rotor Aerodyaawics, Fuselage Aerc-
dynamics and Main Rotor Aerodymanics,

a, Tail Rotor Aerodynamics,. 1In Figure 1! is «hown the AC mechariza-
tion of the tail rotor squations ( 47 thrcugh .17 and 6.26), The
component tabulatiocn is in Table 7. A literal discuesion would be
similar to thet of Block (3) Aero Varisbles, Figure 1.

AC 0.8

Componsnt No, Wi, No. Wt.
Amplifier 19 19 25 50
Servo 7 L9 7 L9
Pots 8 2 6 2
8-C Pots L 1
_Resolvers 2 1

Function (f)

Generation 10 - 10

|__Complexity | 71 102

Table 7. Tail Rotor Asrodynamics

The function generators (f) are composed of potentiometers either in
AC or I¥ mechanization. It is conceivable that more tuffer and sign
inversion amplifiers may be necessary to achieve function gsneration
for the IC mechanization,

b. Fuselage Aerodynamics. The mechanization cf fuselage aero-
dynamice Is slmply a summing operation of function generator outputa,
FMgure 12 is the recommended AC mechanization, The DC mechanization
would be dependent on ths relationship of the components with the
remaindar of the mechanization, however IC mschanization should be
the sams as that shown in Figure 12, Table 8 is a 1list of components
showing the similarity 'etween a DT mechanization and the AC
mechanization of Figure 1.,
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AC C
|__ Component No, Wt . No. Wt.
Amplifier 5 s B S
Pots 11 11
Complexity | 6 1/ | 61/
Table 8, Fuselage Aerodynamics

amics, The main rotor aerodynamics mechani-

zation of the blade element equations involves more computing equipment
than that required to generate all other functions in the mechanization

of the equations of motion,

For this reason the main rotor aerodynamic

mechanization is divided into several smaller mechanizations to facili-
tate discussion and insertion in the report.

Figure 13 is a simplified block diagram showing the interconnec-
tion and function flow between these subsections,

(1)

Block (1) local Vertical Velocity. Consider first the
me gation o e local vertical velocity, Up in
v-y
Eighteen UP functions of both
vy
polarities must be developed from external imputs U, V, W,
LAY ,41, p and % and internally generated feedback imputs

mean
aq,5 by, and By. This involves the basic operations of

potentiometer multiplying and amplifier summing., Since

these are such simple operations the optimization decision

is entirely decided on the economics and complexity aspects.,
The IC mechanisation differs from the AC only in the number

of amplifiers requi-ed for the positive and negative functions.
The IC mechanization required 36 amplifiers instead of 18,
From the standpoint of economy the AC mechanization with less
amplifiers seems optimum, The complexity of the equipment is
certainly in proportion to the number of components. Consult

Table 9 for tabulation of components,

Rock (1) of Figure 1L,

A Ic
Component No. Wt. No., wt,
| Amplifior | 18 | 18 |36 | 36
1
Complexity 21 3/, 39 3/L
Table G, Local Vertical Velocity
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Block (2) Tangential Velocity.- The tangential rotor velocity,
shown in Figure 15 1s a sum of functions of U, V and} to

obtain the 18 blade element tangential velocities, r

v-y

Since succeeding functions are formed by taking functions of
Up , the outputs of this mechanisation must be shaft posi-
tions., Optimisation of this mschanization involves the
selection of function generation methods to form the functions
of UT‘& « The present analog state-of-the-art does not furnish

-y
any more simple and straightforward method than padded
potentiometers. Hence, since servo shafts are required for
the potentiometers, the mechanization is equally optimum by
either AC or DC methods, Table 10 is the summary of component
complexity derived from Figure 15,

AC nc

Component No, Wwt, No, Wt,

| Amplifier 18 18 18 36
8 |126 | 18 126

Complexity Wl |_162

Table 10, Tangential Velocity

Block (3) Hlade Angle of Attack, The eighteen blade element
angles of attack, Qyoy? are also required as shaft posi-

tions to form functions of angle of attack for later use.
Also each is a function of U o Then the mechanisa-
Y-y P
J.l
Up

-y
tion in Figure 16 follows logically since U.r exists as
v=y

& shaft position and it is a simple procedure to divide

two functions using potentiomsters, Considering the AC

mechanization shown in Figure 16 for optimising purposes

it can be seen that the only area that would differ sig-

nificantly from a IC mechanisation would be the require-

ment of positive and negative functions of 69. Hence the |

IC mechanisation would require three more amplifiers than
the AC mechanization, Table 11 reflects componsnt complexity

of Figure 16.
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AC nC
Component No. Wt. No. Wt.
Amplifier 21 21 2l L8
Servo 18 126 18 126
Pots 21 5 1/L] 21 51
Complexity 152 1/L 179 1/4

Table 11, Blade Angle of Attack

Block (L) Blade Flement Flapping Moment and Lift. The blade
element flapping moment (Mh ] and the blade element lift (L*)
v

are formed from the sums of functions of a*by,and UT as
-y

can be seen in Figure 17, Here again both positive and nega-
tive output functions are required which results in the only
difference between the AC and DC mechanizations, In this

case 12 additional amplifiers are required in the IC mechaniza-
tion to give both signs of Mg and L*. Table 12 reflects

\4

component complexity of Figure 17.

AC c
Component No. Wt. No, wt.
lifier 12 12 2L 2l
Function (f)
Generation 36 - 36 -
Comg”ex1ty 12 2l

Table 12, Blaie Element Flapring Moment and Lift

Rlock (5) Blade Element Drag. Figure 18 is the mechaniza-
tion of the b.ade e.ement drag computation. This mechaniza-
tion in 1tself can be equa ly optimum 1ir. either AC or IC
methods., This 1s evident since the entire mechanization is
simply a combination of potentiometer function generators on

servo shafts.

Block (6) Blade Element Drag and “ain Rotor Torque, The

computation of blade ~lement drag and main rotor torque is
the same type of summation of potentiometer function genera-

tions as in Figure 19. Here again the only difference
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between AC and IC optimum mechanizations is the number of
amplifiers required in the IC mechanization to provide both
positive and negative functions, There are 9 amplifiers

used in developing blade element drag and main rotor torque
in Figure 19, Plus and mimus functions are available from
each of these 9 amplifiers for the AC mechanization, 1In
order to do the mechanization with DC components, 9 additional
amplifiers are necessary for sign purposes., Table 13 reflects
the component. complexity of Figure 19.

AC nC
|__Component No, Wt. No. Wt,
| Amplifier 10 10 19 38
. runction (T)

Generation 36 - 36 -
Complexity 10 38

Table 13, Blade Element Drag and Main Rotor Torque

(7) Block (7) Flap le Coefficient and Main Rotor Lift, Figure
20 is the mc}xﬁzaﬂon Tor flap angle coelficients and main
rotor lift. The critical area in the optimization considera-

tion is the requirement of positive and negative LI s o]

methods in this mechanization require 1 additional amplifier,
Table 1 reflects component complexity of Figure 20.

AC DC
Component No, Wt. No, Wt.,
1ifi 8 8 9 18
{—erve. 2 1, 2 1
Pots 6 112 6 11/2
Function (f)
Generation 2 - 2 -
Complexity 23 1/2 h 33 1/2

Table 1, Flap Angle Coefficients and Main Rotor Lift

(8) Block (8) Elade Flap Angle. The blade flap angle computation
is the difference between flap angle coefficients to form the
ﬂ,, outputs in the form of servo shaft positions, It is seen
in Figure 21 that this mechanization would be equivalent in
either an AC or a IC mechanigzation,
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Block (9) Rotor Hub Moments. As seen in Figure 22, the rotor
hub moments are functions of the sums of functions of blads
element 1ift (L*), rotor angular velocity (R), flapping angle

coefficinnta (ﬁ!, bla) and air density (P). The mechanization

is a simpls straightforward summation of functions and does
not require a positive and negative output., Consequentiy,
this method would also be equally optimum in either a DC or
an AC system. Table 15 reflects component complexity of

Figure 22,

AC e
Component, No. Wt. No, Wt.
Amplifier | 4 L L 8
Pots 6 11/2] 6 1 1/2
—Comlexity 21/2 9 1/2

Table 15, Rotor Hub Moments

Block (10) Rotor Forces and lar Velocity. PFigurs 23 is
the mechanizatIon for the rotor forces. ere is no area

in the mechanization that will cause the AC to 4‘ffer from
the IC mechanization. The integration of the torque summation
to obtain rotor angular velocity could be &ccomplished by an
electronic IC integrator, but rotor angular velocity Q1) is
required as a servc shaft position for multiplicatioun 2).
The mechanization as showr in Figure 23 can be done with the
same snount of equipment in either a IC or AC system. Table
15 reflects the component complexity of Figure 23,

AC c
Component No. Wt. Ne. Wt.
| Amplifier 3 |3 3 6
Servo 1 7 1 7
Pots ' 10 21/2110 2 1/2
Complexi 12 1/2 15 1/2

Table 16, Rotor Forces and Angular Velocity

This completes the rotor asrodynamics. The discuassion will contimue

with Block (5) of Figure 23.
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Figure 22 Rotor Hub Moments AC Mechanization
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¢ FxR
: T e 7

; FYR

REFER TO EQUATIONS

Fxg * %; (.0173 by Ly COS ¥ Dy SIN ¥)
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@= Oup+ Q7R * QgR, * QgL * Qre - 1700

10, 275 B

Figure 23. Rotor Forces ond Angular Jeiccity AC Mechanizotion
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Hlock (5) Force 2. The AC mechanisation of Block (5), Pigure
is shown in Mgure 2L. Equations 6§21, '6.2L4 and 6,27 are mechanised to
give the force outputs (X., Y., 2. ). Table 17 reflects the component

a’ “a
complexity of Figure 2 .

AC I
Component No, Wt No. wt,
ier _l2 12 16 16
fSexrvo
S-C Pots L 1 L 1
__Complexity [ 13 17

Table 17, Force Summations

Four extra amplifiers are necessary for IC mechanisation so that both
signs of a function are available for operation of the sine-cosine
potentiometers in Figure 2U,

Hlock (6) Mase, c.g. HElock (6) of Figure 9 is mechanised as in
Saction I11.4.

Rock (7) Moments and Block (9 Rates. Tho AC mechani-
zation of Bio&s {7) and (9) Fﬁﬁ ] ga?:mm 25, BEqua-

tions 630, 6.3L4 and 6.39 are mechanized to give ocutputs (x.‘, N, N)

and then each moment is integrated after dividing by the appropriate
inertia term to give the angular rates (p,ql, r). The IC mechanisa-

tion is essentially the same as the AC mscbanisatior,

Focks (8) through (1.). These blocks of Pigure 9 have been dis-
cussed In Section X, e correspondence between Figure 9 and
Figure 1 is as follows:

Hlock (8), Figure 9 mechanised by Migure 3.

Flock (10), Figure 9 mschanised ty Figure L.

Flock (11), Pigure 9 mechanised by Figure S.

Block (12h), Figure 9 mechanised by Figure 7.

Block (13h), Figure 9 mechanised by Figure 7.

Block (l4), Figure 9 instructor inputs as noted in Section III.A.

This completes the mschanization of the single rotor helicopter.
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Figure 24. Force Summaotions AC Mechanization
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anmlc% Single Rotor Helicopter, Figure 1, the general btlock diagram
of the equatlon solution o e single rotor helicopter, has been develop=-
ed block by block., Table 18 is a tabulation of the varicus components
(amplifier, servo, potentiometer, sine~-cosine potenticmeter, and resolver)
for the single rotor helicopter. It should be noted that items specified
as functions generated in the mechanization have not been included in
Table 18 since they are assumed to be potentiometer derived and the same
for both AC and IC mechanizations., In order to compare AC and DC systems
the weight factors used by Mark F, Connelly in reference L are applied to
the totals which result in Table 18, The weights resulting from each
component are tabulated in Table 19, The summary in Table 19 gives the
complexity of the single rotor helicopter for AC and IC systems., The

AC system has a& complexity of 751-3/L versus 1106-1/2 for the IC system,
This is & marked difference, The difference is primarily due to using

a weight factor of two (2) for the DC amplifier and one (1) for the AC

amplifier.

Amplifiers | Servo Pots 8T Yots | Resolver
AC [ Ix |AC [ D fAc | Dc | AC [ Ix [ AC | Ix
Block (1)
Block (2)
Block (3) 12 | 18 6 6 5 5 L 2
Block (L) 118 | 167 | 52 | 52 73| 73 L 2
m (c) 12 | 16 L L
Block (6) 3 3 3 3 2 2
Block (7)(9)| 20| 20 3 34 12 12
Block (8) L 5 3 3 7 7 2 2
Block (10) 91 15 3 3 6 2
Block (11) 7.1 12 3| 3 2 L 1
| Block (12) 3 5 1 1 1 1
Hlock (13) 6 | 1k 1 1 1 1 6 3
Hock (i)
"ro'ru 19L | 275 | 75 | 75| 10L | 10k g | 22 ] 10

Table 18, Single Rotor Tabulation
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( e -
! No. Wt. No. Wt.
Amplifier 194 | 194 275 | 550
Servo 75 525 75 525
Pot 104 26 104 26
S~C_Pots 9 13/h] 22 51/2
| Resolver 10 5
Complexity 751 3/L 1106 1/2

Table 19, Single Rotor Summary

Suppose that both AC and DC smplifiers both have weight one (1),
then the DC complexity is 831-1/2 which is closer Lut still larger
than the AC complexity. This difference (751-3/L and 831-1/2) is
primarily due to the increased . umber of DC amplifiers necessary to
solve the mechanization problen., Consequently, unless DC amplifiers
can br redesigned to be competitive in complexity with AC amplifiers
or the choice for a DC system is based on reasons cther than come
ponent complexity, the AC system is favored, V/

2. TANDEM RCTOR HELICOPTER, The mechanization of a tandem rotor
helicopter simulation equations can be accomplished by again
considering Figure 9 which is the block diagram of the single rotor
helicopter., The difference in mechanization between single and
tandem rotor helicopters is contained in Block (i) Figure 9--the aero-
dynamiz terms. Tha aercdynamic terms for the single rotor helicopter
were considered in three parts--tail rotor aerodynamics, fuselage
aerodynamic aryl main rotor aerodynarics. For the mechanization of +he
tandem rotor the serodynamic terms are in two parts--fuselage aero-
dynamics and rotor aerodymamics. 1In reference 1 it was shown that the
rotor squations of motion of the tandem rotor helicopter could be de-
veloped by using a set of equations similar to the single rotor heli-
copter. The essence of this developmen® in reference 1 is that
equations delcribing the main rotor »~f the single rotor helicopter are
used to describe the forward rotor of the tandem rotor helicopter, Rear
rotor effects in the tandem rotor helicopter are mechanized by ratios
of the swash plate angles of front and rear rotor. Only the front
rotor is simulated., Since this is an overlap tandem rotor helicopter
(CH-L6A), effects cf rotor interference are also mechanized,

In Section VI, egquations 6,91 through 6.169 for a tandem rotor
helicopter--the CH.LO6A are presented. These equations are directly
analogous to equations 6-1 through 6-90 of the single rotor helicopter.
Table 20 is a comparison of single and tandem rctor equations and
associated figures used in the single rotor mechanization. Table 20

Sk
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Mechanized Comparable Mechanized
Single Rotor by Tandem Rotor by
Equation Nos, Figure(n) Equation Nos, Figure(s)
Block /1) N/A N/A N/A N/A
Rock (2) N/A N/A N/A N/A
Block (3) 6.1, 6.2, 6.6 10 6.91, 6.92, 6.95 10
6,8% 6.161
Hlock (L)
Tail Rotor 6.7 to 6.‘17 , 11 None N/A
6.26
6,38, 6 6.113, 6.116
Aft Rotor None N/A 6,107, 6.111, 6,115, 26,
6. 126 5. 129 6.132, 27
6 13h, . 1h3, 6.118°
Rotor (Main) Rotor (Front) Rotor
Rock (1) | 6.L4S 1)} 6.119 u
Block (2) | 6.k 15 6.118 15
Block (3) | 6.46, 6.L47, 6.u8] 16 6.120, 6.121, 6,122 | 16
Block (k) | 6.49, 6.52 17 6.123, 6.127 17
Block (5) | 6.58 18 6.136 18
Rlock (6) | 6.50, 6.51, 6.54| 19 6.124, 6.125, 6.130| 19
Block (7) | 6 53, 6.61, 6,62 20 6.128, 6.139, 6.140 20
6. 3 .m
Block (8) | 6.59 21 6.137 21
Block (9) | 6.6k, 6.65 22 6,142, 6.1l 22
Block (10)} 6.55, 6.56, 6.83 23 6.131, 6.133, 23
(6,16%) 28
Block (5) .21, 6.22, 6,23 2L 6.99, 6.100, 6.97 2}
2& 6 25 6.27 6. 101 6.102
6. 28 6., 29 6. 103,;§ 10k, 6.96
Table 20, Single Rotor - Tandem Rotor Comparison
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56

HenhtnisodA Comparable Mechani sed
8ingle Rotor Tandem Rotor by
Equation Nos, Equation Nos,
Block (6) 6.90 2 6.169 2
Block (7) 6030’ 6031’ 6032 60105, 60106, 60}8
and (9) 6.3L, 6.,3 , 6.37 25 6.109, 6,110 25
6.39, 6.L0, 6.42 6,173, 6,117
643, 6.79, 6.80 6.158, 6,159, 6,160
6.81
Block (8) 6.67, 6.68, 6,69 3 6.6, 6,247, 6,148 3
Block (10) 6,70, 6.71, 6,72 L 6,149, 6,150, 6.151 4
6,84, 6,85, 6.86 6.163, 6.164, 6.165
Block (11) 6.87, 6.88, 6.89 5 6.166, 6,167, 6.168 5
Hock 12h 6073, 6.74, 6.75 7 6.152, 6,153, 6.154 7
{_and 13n 6,76, 6,77, 6,78 6.155, 6.156, 6.157
Block (14) N/A N/A N/A N/A
Table 20, Single Rotor - Tandem Rotor Comparison (Cont'd,)
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thus enables the identification of figuresc used in the single rotor
mechanization with tandem rotor equations and a consequant count of
electronic components, Notes that the particular imputs to some of the
amplifiers may increase or decrease in the tandem rotor helicopter as
compared to the single rotor but the components associated with the
figures listed in Table 20 will be the sams,

In order to describe the aft rotor, a few additional equations are
necessary. The additional equations needed are 6,107, 6.111, 6,115,
6.126, 6.129, 6.132, 6013h’ 60143 and 6,145, Before mechanising these
eqrations, the aft rotor swash plate angles will be mschanised.

The swash plate angles and SAS mechanisation considered for the
tandem helicopter simulation 1s an addition to the rotor aerodynamics
of the single rotor device. In this mechanisation the swash plate
angles are developed in order that aft rotor terms are writtén as
functions of forward rotor terms., Figure 26 is the mechanisation of
these functions, The IC mechanigation would require three additional
amplifiers hy virtue of the requiremsnt of three functions of both
polarities, Servo integrators are used to obtain the deita swash
plate functions., A DC mechanization using electronic integrators would
require follower position servos,

Figure 27 shows the AC mechanigation of the aft rotor equations,
There are 12 amplifiers and L potentiomsters used in the AC mechanisa-
tion plus functicns not specified as to equipment. The IC mechanisation
would require 15 amplifiers and L potentiomsters plus the functions.

The additional amplifiers in the IC mechanisations are due to polarity

of functions,

One further area is of interest in the tandem rotor simlation--
angular velocity. The mechanisation of the dual rotor angular velocity
computation is shown in Figure 28, In compariscn to the single rotor
angular velocity mechanizstion, Pigure 23, it is seen thatflis computed
essentially the same way as in Figure 23 but there are now two rotor
torque terms. One is the torque contributed by the forward rotor, The
other term is the torque contributed by the aft rotor.

Table 21 is & summary of the components neceasary to mechanise the
tandenm rotor helicopter in addition to those necessary for the single
rotor heliccpter less tail rotor as reflected in Pigures 26, 27 and 28.
The mumbers under function generation in Table 21 would actually be
mechanized by potentiometers. It is assumed that whsre functions (f)
are used in the mechanization drawings, the mechanisation can be
sccomplished by the same amount of equipment--AC or IC.
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Figure 26. Swash Pilate Angles & S.AS for Tandem Rotor Helicopter
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A X

Component No. Wt No. Wt o
Amplifier 25 25 31 62
Servo S 35 5 35
Pots 16 N 16 4
Punction (f)

| Genarstion 21 == 2 =
Complexity 64 101

Table 21, Additional Components Tandem Rotor Helicopter

This completes the mechanization of the tandem rotor helicopter.

Tandem Rotor Helicopter., The tandem rotor mechanisation has
been SWQE%E In terms of the sgngIo rotor mechanisation (Section III.B.).
The arguments presented in the single rotor summary (Section III.B,) are
equally valid for the tandem rotor helicopter. Table 22 is & summary of
tandem rotor component complexity. This tadle is constructed bty taking
the component totals of the single rotor helicopter (Table 19) and then
subtracting out componentes due to the mechanisation of the tall rotor
in the single rotor helicopter (Table 7) and then adding the additional
components due to tandem rotor mechanisation (Table 21)., The AC system
for the tandem rotor helicopter has a complexity of 7LL-3/L versus
1105-)/2 for the IC system, This is practically the same as the com-
plexity for the single rotor helicopter AC system~-751-3/L, IC system-
1106-1/2. Consequently, using the same rationaie as in Section III,B.,
the AC system is favored for the tandem rctor helicopter.

C. V/STOL MECHANIZATION

Mechanization fcr the tilt wing aircraft, the XC-142A, of Ling-
Temco-Vought, Hiller, Ryan is considered in this portion of' the report.
In reference 2 the equations of motion for the tilt-wing were develop=-
od and the necessary equations for mechanisation of the tilt-wing are
reproduced in Section VI, It should be noted that equations of motion
were developed for four other V/STOL configurations in reference 2:
the tilt-duct represented by the DOAK VZ-lUA, the tilt-propeller repre-
sented by the Curtiss Wright X-19, the fan-in-wing represented by the
General Electric/Ryan XV-SA and the rotating thrust represented by the
Hawker Aircraft P.1127. Meschanization of the tilt-cduct and tilt-
propeller equations of motion would be similar to the tilt-wing mechani-
sation, Mechanisation of the fan-in-wing and rotating thrust equations
of motion would be similar to mechanizations of ordinary jet aircraft
taking into account variations in the thrust components. Ry accounting
for these thrust variations in the equations of motion, existing mechani-
sations for jet aircraft such as those presented in reference 3 are valid
for the fan-in-wing and rotating thrust. The mechanisation for the tilt-
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wing may not be optimum since the mechanization reflects the equations of
motion which could change as data from tho manufacturer become available
about the particular aircraft. Mechanizaiion of the tilt-wing presented
heire 18 bascd upon the best information avallable at the time of this
roport,

References are made to the appropriate tilt-wing equations in
Soction VI in some of the mechanizations drawings where the equations
are lengthy. On other drawings the equations are written explicitly.

1. SIMILARITY OF V/STOL EQUATIONS, Before developing the tilt-wing
mechanization in detail consider the similarity of the tilt-duct and
tilt-prop nqualions to the tilt-wing equations and the likeness of the
fan-in-wir; ard rotating thrust e iations to existing equations of
motion for je. aircraft. In these comparisons which follow only the
X-force equations will be compared, the Y-force and Z~-force equations
contain like similarities.

First consider the tilt-wing, tilt-cuct and tilt-prop. X-force
cquations from Refecrence 2,

X~Force Equation: Tilt-Wing (XC-142A)

m(U +W_ « Vr) + mg sin 6 (3-1)

%
L
= (Coly Sqwf(C.r’s) * n§1 (Tn cos 1, - N, °°'pn sin 1\1)

%e
- [CDt cos (it - ut) + th sin (1t - at)] Sq(-a- - Sq CDB
X~Force Equation: Tilt-Duct (VZ-LA)
m(U + wa -~ Vr) + mg sin ® (3-2)

2 - -
= (Cy)y Sq, * quv(cx)Rc + K Jgi (CTJ cos ip - C"J sin iD) * T

- [CD cos (it - “t) - Cp sin (1t - “t)] SQ(E%QQ- 8q ¢,

t t o
X-Force Equation: Tilt-Prop (X=19)
m(ﬁ . Ha - Vr) + mg sin 6 (3-3)
1
L
© (Cplyr Sp ¢ T (Tycom 3 - N, cos B #in 1)) + (C,) Sa .- S Cp,
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Comparing equations (3-2)2md (3-3) to (3-1) the only differences are the (¢

terms g8 (C_)p. + K, 3% («’.‘.,.1 cos 1. - cnd sin 1) + T in (3-2) and

(Cq)yaSdy, in (3-3). qza,(cx)m and T, are due to the reaction controls

in the t1lt duct aircraft. The termK, § (G, cos iy - C, sin i) is
o 3

thrust expression for the duct fans in coefficient form.

To further illustrate the similarities of the force equations (3-1,
3.2, and 3-3) suppose that the incident angles (1', ip and in) are gero,
then there results:

n(l’l+wq1-Vr)*naine (3-1a)

L
- (cx)' Sq, + S T, - [CDt°°’(it'°t) + cltain(it-at)]Sq(;\éz)-( 8q CD
()

nel
n(U + We, - Vr) + mg sin 6 (3-2a)
e
® (cx)v S% * quv(cx)Rc + K2 z c‘l‘J * Tr
J=1
- [cnt cos (it - “t) + th ein “‘t - “t.)] Sq(%‘f-) - 8q CDo
n(ﬁ + Wq, - Vr) + mg 8in 6 (3-3a)

L
(Clyr 83 * 3 Ty * (Cr), S, -S4 CDO

nel

Bquations (3-1la), (3-2a) and (3 -3a) are very similar, Mechanisation of
the tiltewing equation (3-1) will therefore demonstrate the similation
technique. The Y and Z force equations for the tilt-wing, tilt-duct and
tilt-prop have the same degree of likeness as the X-force equations,

Next, let us compars the fan-in-wing and rotating thrust X-force
esquations from Reference 2 to simmlation equations used for jet aircraft,

Fan-In-Wing: X-Force Equation
(G + Wy - Vr) = o8(C (a, Ma) + C_(P) + Cegp * o1 (3-4)
+raco-¢,¢'r,met-uomo ‘.|
&
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(0) Rotating Thrust: X-Force Equation

m(U + Wg, - Vr) = QS[CXU + Cxa + cIGF . 6F + C_(B)) (3.5)

+ T cos (aj +a.r)-mgain8
Ordinary Simlation: X-F-r:e Equation

m(U + Wg, ~ Vr) = aS[C,{a, Ma) + C_(B) + Crep &F) (3.6)

+Tcosa.r-mgsin9

The only difference among equations (3.L), (3.5) and (3.6) is in

the thrust terms. Using equation (3.6) as a guide consider {3.L) and
(3.5). Equation (3.5) has as a thrust term T cos (93 + ag)e 93 is

the rotation of thrust producers. If the aircraft is in normal flight
(6 = 0) and T cos (ed + aT) = T cos an which is the same as equation

(3.6).

The thrust term in equation (3.L4) is T; 008 Gy + Tp 8in 6. If
the fan=in-wing is in normal flight OL » 0 and consequently equation
{ . ! (3.4) is the same as equation (3.6). The only added term is Tp 8in 6,

in equation (3.,L4) and is of small consequence, though necessary, from
the mechaniga.ion viewpoint,

Similar arguments can be applied for the Y-force, Z-force and
moment equations,

2., TILT-WING MECHANIZATION, Figure 29 is a block diagram for the
tiltewing aircraft similar to Figure 1. Each mechanization drawing
refers to the appropriate equations in Section VI, As per the heli-
copter mechanisation, each block in Figure 29 will be considered. A
component count will be done in the summary indicating differences in
AC and IC mechanization,

Hlock SIE Pilot Control, Hlock (1) of Figure 29 contains outputs
due to contro e pllot,

Rlock (2) ™gine Simulation, Hlock (2) of Figure 29 is not
simlated.

Aero Variables, The AC mechanisation of Block (3),
Figure 29 is shown in Figure 30 in order to give outputs ap By, 4q,
and VB' This mechanization is similar tov that shown in Figure 10 for

the single rotor helicopter.
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Block (}) Aero Terms. The AC mechanization of Block (), Fipure 29
is divided into the following six parts:

1. Main Propeller Aerodynamics. Figures 31 through },1 mechanize the
nquatiors having to do with propeller aerodynamics. Figure 31 develops
velocities associated with each propeller. Figure 32 develops the advance
ratio associated with each propeller. Pigures 33 and 3), show coefficients
1sed in propeller aerodynamics developed as functions of advance ratio
and prropeller blade ritch, Fisure 35 i3 the mechanization of each pro-
peller thrust (Tn) and torque (Qh). Pigure 36 is the mechanization of the

normal component of thrust (Nn) and propeller maments (Yn and P‘)). Figure
37 resolves Hn and Yn into appropriate components due to wing tilt (1") and
oriertation of Nn by the angle ﬁn’ Pigure 38 i3 the mechanization of the
force components ((Axa)p, (AY‘)p, (AZ‘)p)due to propeller effects. Finally,

Figures 39, LO and 41 are the mechanization of the resrective mament com-
ponents ( (AI‘a)p’ (AH‘)p, (AN.)p) due to propeller effects, Equations

6.175 through 6,197 represent propeller aerodynamic effects.

2. Wing Asrodynamics, Figures |2 through ;5 mechanize the equations
representing wing aerodynamics. Figure |2 shows AC mechanization of
wing velocity components, wing angle of attack ( a,), ving sideslip (ﬁ')

and total velocity of the wing (V'). Pigures )3 and L), show formation of

asrodynamics coefficients. Finally, Figure |5 is resulting wing force and
moment contributions. Equations 6,198 through 6.221 represent wing aero-
dynamic effects,

3. Vertical Stabilizer A%ggmica. Figure )6 shows the AC mechani-
zation of equations &,222 to 5. or the force and moment contributions

due to the vertical stabilizer.

L. Horizontal Stabilizer Aerodynamics, Figure |7 shows the AC mechani-
zation of squations &.228 to &.¢ or the force and moment contributions

due to the horizontal stabilizer.

5. Tail Rotor As amics, Figure | Y shows the AC mechanisation »of
equations 5.23[ to 6.?;52 ¥or the force and moment contributions due tc

the tail rotor,

¢€. Fuselage Aer amics. Pigure L9 shows the AC mechanization of
equations 5.51;; to 3.53 for the force and moment contributions due to
the effects of uie fuselage,

Blocks (5) through SI!II. These blocks of Figure 29 are similar to
the same numbered blocks for the single and tandem rotor helicopter.

Block {5), Plrure 29 mechanized by Pigure SO,

Block (6, Pigure 29 mechanized as in Section III.A.
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Figure 47 HORIZONTAL STABILIZER AERODYNAMICS
FORCES AND MOMENT AC MECHANIZATION
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Klock (7), Pigue 29 mechanised by Figure 50.
Block (8), Figare 29 mechanised by Figure ©1.
Hock (9), Figure 29 mschanised by Figure 52.
Hock (10), Mgure 79 mechanised by Figure L.
Bock (11), Pigure 29 mechanised by Figure S.
Rock (12), Figus 29 nechanised as in Section III.A.
Kock (13), Figure 29 mechanised s in Section III.A.

Hock (14), Figure 29--instructor imputs ae in Section ITI.A.
This completes the mechanisation of the tilt-wing aircraft,

aft. The mechanisation of the tilt-wing
aircraft was uconplik% % evaluating the bleock diagram of the aircraft
(Mgure 29) block hy block just as for the single and tandem-roter heli-
copters in accord with Figure 1, As for the helicopters, an evaluation
of component complexity is done in order to choose between an AC or IC
systen of mechanisation., Table 2? is an accounting of the tilt-wing aero-
dynamics: Hlock (L) of Migure 29, In Table 23 the various figures that
have already been considered are interpreted ascording to component
(amplifier, servo, potentiometer, sins-cosine potentiometer and resolver)
oount for AC and IC mschanisations, The results of Table 23 are in-
oorporated ‘into Tabls 24 which is the total tabulation of tiltewing
compenente just as was dons for the single rotor helicopter in Table 18.
The tilt-wing summary is shown in Table 25 which corresponds to Tables

19 and 22 for the helicorters.

The complexity of the tilt-wing AC system is 566-1/L wversus
915-1/4 for the IC system, As in the AC and IC system comparisons for
the helicoplers, this difference in complexity is marked. Again the
difference in complexity is primarily due to the greater number of
amplifiers needed for the DC mechanisatior (the need of sign inversions
for many functions) and the weight associsted with the D. amplifier
being greater than of the AC amplifier, Consequently, unless IC
amplifisrs can be redesigned to give both signs of a function and are
competitive in complexity, or the choics for & DC systeam is based on
oWer faoctors than componsnts, the AC syvten is favored,
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{ r__},m_;ru;.e; :g%vo; Lot S~ Pot Resolver
ce JloAc !l oo 1oas AC 0C
Al 13 19 1
P*iP 7 ? 1 3 e 8 L l
13 e 4 L i 24 2L
3 « 9 % L 16 16
35 & E 16 16
36 L b 7h 2l
37 ée 38 16 16
¥ 23 30 12 12
3% J 5 2 2
wl 8 g 1 1 L L _
Ll 1 l e 2
Le 12 11 ) 3 ¢ 2 6 2
L3 5 10
NN 6 7 1 1 2 < L L
LS 1 1 1 1 ¢ 5
L6 b 3 13 13
L7 T 9 13 1 1 9 9 2 Z
ul rﬁl& 17 L U 11 11 1 1
< l 7 ¢y T

Table 23.

Tilt-wing Aerodynamice Tabulation
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Bloeck (2)

Block (2)

ﬁ}ﬂ-‘o(#nnssaz L

Bloek (L)
Ligi.go A 47 198 23 |23 ]SS 155 39 39 S
Block (5)

Block (6) 3 3 3 3 2 2

V1
A ala ol ol z )tz
Figure 2 6 2 L..J.—-S—+—5 - |
3lock (10)# 9 15 3 |3 6 1
Mook (11) 7 12 3|3 2 L 1
Slock (12) L 2 2
Tlock (13)#
Block (1L)
Total 195 ‘263 | L3 |h3 |17h 1 L6 | S8 9 I

Table 24, Tilt-Wing Tabulation
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A I
No. wt, No Wt

Asplifier 195 195 263 526
Servo L3 3a L3 01
ot 17 u3-v3| 17 L3-1/2
8-C Pot L6 11-1/2] 58 22-7 3
f.esolver 9 L)/
Complexity 555-¥ 893-1/6

Table 25. Tilt Wing Sumsary
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SECTION IV
SUMMARY

This report presents a set of guidelines for the salection of the
optimum analog mechanisation of the V/STOL simulations set forth in
reports NAVTRADEVCEN 1205-1 and 1205-2., The guidelines wers developed
as & series of recommendations by consicdersation and discussion of
certain aspects governing the selection of an optimum computer. These
aspecte are summarized below and the resultant recommsndations briefly

stated,
A, AIRCRAFT TATA CONVERSION FOR USE IN THE COMPUTER

Raw aircraft data supplied by the aircraft mamufacturer is gensr-
ally empirical in nature and supplied in the form of smooth curves.
The most economical and least complex msthod of storing and presenting
this information to the ccomputer is thrcugh the use of tapped or shaped
potentiometers driven by servo shafts. Since potentiometers may de
used with equal facility in either AC or DC computers, the conversion
of data does not ‘rnfluen~z the choice of computer type one way or the

other,
B, STMPLICITY OF SIMULATION EQUATIONS

To obtain an optimum simmlation of & given set of simulation
equations it is necessary to simplify the given equations by removal
of mathematically insignificant and physically insignificant terme of
the equations, This is done to the extant allowed by the required
extent of simulation, The equations mechanized in this repor! wers
already in ths simplified state when taken from Volumes I and II,
Since the eimplification of the equations is a firet step in the
similation proceas, the cptimisation obtained by the simplifications
would be the same in either an AC or IC computer. Hence, xs with
data conversion, equatior simplification does not influence the choice

of computer,
C, COMPUTER FLEXIBILITY

The need for flexibility in the computer used for aircraft
simiiation is aprarent when one cousiders the usual requirement
that the similator be developed concurrently with the developmsnt
of the ailrcraft to be simlated, The aircraft msmufact.ers are
forced to work with & great deal of empirical data ant conseqQuently
required to redirect dssign efforts in order to obttain the exact
serodynamic characteristics selected as a design goal. This results
in & considerable amount of engineering changes. Since these changes

are manifestsd as changes to the asrodynamic functiors stored in
tapped potentiometers it is a simple matter to retep the potentiometers

in either an AC or a IC computer since both use potentiometers, Consa-
quently, &s in paragraph A, above, this aspeot does not influencs the
computer cholice,
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D. COMPUTATIONAL SEQUENCE

The computational sequence used during the mechanisation of s set of
simulation equations i3 an extremely important optimization technique. It
has a direct affect on the accuracy, flaxibility and complexity of the
computer. However, as in A, B, and C above, it has no direct bearing on
the choice of & computer type as AC or DC, Once the chcice has been made
to use AC or IC carrier computation, the computstional sequence can be
utilised to arrive at an optimum mschanisation.

E. CHOICE CF CARRIER

The choice of carrier to be used in the eimuiation computer is the
moet important aspect to be considered when making the selection of
computer type. The simulation problem must be examined to determine the
the computer response requiremsnts dictated by the expected signal fre-
quencies. In 3ection Il this wae done for the V/STOL simulation first
to determine which AC carrier should be used. It was decided that if
an AC carrier were to be used it should be 60 cycles. This decision was
made since the advantages of accuracy and response of & LOO cycle system
are overshadowsd by the reduced response requirements of the V/STOL
eimlation, the relative ease in mseting computer sise restrictions in
flight simulators, and the maintenance and phage shift problems intre-
duced by LOO qrcle carriers, Having narrowed the choice to either a
DC or AC syetem the zdvantages and disadvantages afforded by the various
computational techniques were then discusssd,

It was decided that out of the five basic computational techniques of
amplification, integration, mltipliscation, trigonometric resolution and
function generation the AC techniques afforded the best gpplicadbility to
the V/STOL simulation problem in all areas except function generation
and multiplication. In these two arsas the techniques were found to be
equally weighted. Consequently, aes far as applicadbility of techniques
is concerned, the choice of computer type is recommended as a 50 cycle AC

carrier computer.
F. CHOICE OF SYSTEM

The results of the above discussions in conjunction with the
component summaries cf Section III indicate clearly the optimum
computer to be used on the V/STOL simulation mechanisation is the 0
cycle AC compzter. Not only can the mechanisation be done with less

componente but the cost and computer sise are also reduced,
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SECTION VI

NOMERCIATURE AND EQUATIONS

4. HELIGOPTER

le

Tho liet of aywbvcle are

RAMSHOLATURB

T folloaing liet of q-boll 4is ueed throughout thie report.
tical order with lower case

1sttars listed firet, then cnpiul let?ers followed iy greek letters and
aymbols of wiscellancous origin,

B o

T o

.fa

Rotar coning angle
longitudina) flap sngle
fateral flap angle
Longitudingl center of gravity

laterel ocenter of grevity position
Normal center of grevity position

raviyy ccustant = 32,2
Precsure eltitude

Bate of slimb

Imospressidbls dymamio pressmure
Fuselage dymamic pressure
Pitching rets

Kade element Qrasic pressure
Turning rate

Alr tempsreture
Ground tempere variation
from standard ?;‘P)
IMetance from dlade h to
blade station ioge
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oTs

Lot
feoot

£t/
foot

£t/000
1b/ft
1b/e2

/et

POSITIVE SENSE
Up

Rearward

Right

Forward of
reference xint

Right of
reference joint

Below referwnce
point

Dowrmrar
Upwarde
Upward

Mazimm at
tip
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TWSCRIPTICN

Lateral control angle
Flade element area
longitudinal control angle
Rlade cnord

Blade element drag coefficient
Flade element lift coefficient

Tail rotor coefficient of thrust

Coafficient of tail rctor torque

Drag

Fuselage drag force
Klade element drag
East position

Oround speed, east
Force - left wheel
Force - Right wheel
Force - Tall Wheel

X Force due to main rotor
Y Fores due to main rotor

Altitude above the fisld
A_titude of field

Height left wheel above field

Height right wheel above fleld
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UNTITS

degrees

feat2

degrees
feot

nons

non-
dimansional

1bs,

ibs,

lbs.

f£t/sec
ibe,
1bs,
1bs.

1be.

1ba.

feot
feoeot

feat

foot

PORITIVE SENSE

Right

Forward

Accelerates
rotor

Rearwvard
Rearward
Rsarward

Upward
Upward
Upward
Porward

Right

Upward

Mimas after
touchdown

Minmue after
touchdown
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DESCRIPTION

g ST ST ey i

x &
i<
g

o

FE R

Height tail wheel above field
Moment of inertia of rotor system
a8 seen at main rotor

Momant of inertia about X axie

Hladees moment of inertia about
flapping hinge

Moment of inertia sbout Y sxis
Moment of ipertia about Z axie
Lift

Rolling moment gbout
plane X axis

Fuselage lift foroe
Lift due to main rotor
Main rotor rolling moment

Rotor hud rolling moment

Roter 1ift foroe
Hlade elemsnt lift

Pitching mcmsnt

Pitohing mcmsnt about
placs Y exis

Mach nomber
Hade mase
Fuselagey pitching mament

Nass of airoraft
Landing gear pitching wmossnt
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UNITS
feot

slug-ft
slug~ft

i7ne
slug-ft

alng-ftz

slug-ftz

1bs.
1b-f't

1bs.
lbe,
1b=f't

1b=ft

lbs.
1bs.
1batt
1b-ft

ologe
1b=ft

aluge
1bwtt

POSITIVE SENSE

Mimis after
touchdown

Opward
Right wing
down

Upward

Pushes right
wing down

Mght wing

Noss wp
Nose up

Pashes nose

Pashes nose
o
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ML IEACRIPTION

N

ke

o

O

ol S LEF £

Effect of main rotor on
pitching moment

Rotor hudb pitohing moment,

Blade element asrodynamic flapping
momant

Engine rotational welooity

Ground spaed’north

Bank momant about plane
7 axis

Fuselige yaw moment

Main r>tor yaw moment

Effe:t of tail wheel on
yaw moment

Roling rate
Pressure brake, laft
Pressure Brake, right

Static pressure at sea level

Laft engine tourque

Right engine torque
Main rotor torque
Rotary brake torque
Tail rotor torque

Tail rotor turbulence factor
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1b-ft

1b-ft

1bs=tt’

in, uf Hg.

ft-1lbs

ft-1bs
ft-1bs
ft-1lbe

f¢-1bs

dimensional

POSITIVE SENSE

Pushes nose
up

Nose up

Moves blade tip
up, increase

Nose right

Pushes nose
right

pushes nose

right

Pughes nose
right

Right wing
down

Spsede up

rotor

Speeds up rotor
Speeds up rotor
Speeds up rotor

Loads engine
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TF.S RIPTION

R/C

(W, )
Yoy

31 ft. Main rotor redius
Rate of climb

X axis velocity in air mass

3peed in X body axis direction
relstiva to a point on the ground

Tail rotor normal velocity
Rlade element ralative veloclty

in air perpendicular to blade
span (long) and to Oy

Klade element relativs velocity
in air perpendicular to blade
span (long) axis and to rotor
rotation axis

Wind speed in X axis

Y axis velocity in air mass

Sveed in Y body axis direction
relative to a point on the ground

Fuselage (total) airspeed
Total velocity of tail rotor hub

Wind speed in Y axis

7 axis velocity in air mass
Foal flow

Speed in Z Rody axis direction
relative to a point on the ground

Induced airflow in Z body axis
direction
Mean inflow vaslocity

Local intlow velocity
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UNITS

et
£1/s0c
rt/sec

£t/sec

£t/0ec

ft/sec

£1/sac

£t/sec

f£t/sec

ft/sec

£t/sec
f£t/sec

ft/sec

ft/sec
1b/hr

f£t/sec

f£t/mec

£t/sec

ft/sec

POSITIVE SENSE

Upward
Forward

Forward
flight

Positive to
the right

Underside of blade
exposed to the
wind

Positive in
hover

Wind blows
on nose

to right

Flight to
right

Always poxitive
Always positive

wWind blowa
on right wing

Down
Drains tank

Desscent

Air Ddlows
down

Air blows
dowramard

Alir blows
down
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KAVTRATEVCEN 12001

TESCRIPTICN

(wi)

w3

me AN

2

-]

{

wind speed in ./ axia

Inflow distribution factor = F(y)

Longitudinal force

Total serodynamic force
in fuselage body X direction

Paselage longitudinal force
landing gear fyiotion
lateral force

Total ssrodynamic foroe in
fuselage Y direction

Distance from flap hinge to
bladse c.g§. * 8075 o

Puselage latsral forves
Side force due to tail rotor

Rermal force

Total foros in fusslage
2 direction

K oonshem a2} 22 0

landing gear ncrmal 2oroe
Angle af attaok

Poselage angle of attack

Tail rotor disc plaie velocity

angls
Klade angle of attack

105

1bs

ibs

1be

1bs
1ds

1bs

degrees

degrees

PCSITIVE SENSE

wind blows down

Forward

Forward

Forvard

Toward nose

right

right

Poaitive to
right

Relative Wind
froa beslow x axis

Wind comss
from below x axia

Relative wind
from balow x axis

Wind comas from
below blsde x-y
plane
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NAVTRAIFVIEN 12003

TESCRIPTION

Sidenlip angle

Rell angle (instrummnt)

Tail rotor sideslip angle
Biade flap engle at asimuth

Rate of change of blade slement
flap angle

Pitch angle of fuselage X axis

Rate of change of Fuler angle,®
(Pitch angle}

Pitch of tail rotor blade at
3/L point

Alr density
Rell angle of fuselage
Rate of change of Euler Angle,?

(Roll angle)
Hlade «lement inflov angle

True heading of fuselage X axis

Wind heading

Rate of change af Fuler angle ¢
(Yaw angle)

Rotor rotational wvelocity

106

UNITS

degrees

deogreos

degress
degress
deg/sec

degroes

rad/sec

degrees

alugo/ft3

degrees

red/sec

rad/sec

rad/sec

POSITIVE SFENSE

Relative wind
from right

Rall right

Aelative wind
from right

Hiade tip
high

Elade Tip
upward
Level = 0°
Up = 90
Noes up

Positive when

leading eodge is
daflected toward

pylon

Positive right
wing down

Right wing

doam

Winéd comes firom
below the up-
pitchad blade
plane

Nom-o:
Rast = 90

Wind blows
toward this
heading

Bose right

Counterclock-
wise from top



NAVTRAIRVCFN 1205~}

SYMIOL TESCRIPTION UN1TS POSTITIVE SN¥NSF
A Tail rotor solidity/advance Non-~
ratio parameter dimensional
a Tail rotor velocity/thrust non-
ratio dimensi .nal
_q-
AR Aft rotor rolling moment lo,.-ft, Rcll right
—
FR Front rotor rolling moment 1b,-ft. Roll right
ARH Aft rotor hub roll ing moment lb.-ft, Roll right
—‘
FRE Front rotor hub rolling moment 1b,~ft. Roll right
y Fuselage rolling moment 1b,-ft. Roll right
-¥L0 Landing OJear rolling moment 1b.-ft. Roll right
T' A Rolling moment due tc¢ rough air 1b,.~ft, Roll right
A Fuselage rolling moment 1b.-ft, Roll right
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b 3007 §3 atet s BIDPISLONRS
HELIOPTEE SINTTATI N BPOUATIONS { ’ )

&, SINGLY ROTOR TEVICES
(1) FUSKIAGE AFRODYRAMICS

"L "% Pusolace Ancle of Artask und Sideslir Argie

a4+ arc tan L= f Q;i"“) £ (W)

(6-1)

f = arc tan (6-2)
o? o (W- e 1mr, t (w) 2

Gz Fuseliage Dmamic Pressure
Q'%-/)ft!zo?zo&-t (vimm)r(w))zj (6-3)

Dp- Puselage Drag
n,-q{soon-:ap.:(a,):cpgl.;le.ag} (64) N

Kl a 0 for no axternal stores aboard

= 1,0 with external stores aboard

Lp, Fusslage Lift

by« (91325 (.39 « £(@) + 1 5.6 o (65)
Kl = 0O for no extermal stores aboasrd

- 1,0 with external stores aboard

Pugelage Airspesd
vr./uz.vzo(w-r(w‘-n)r(v))z (6-6)

(2) TATL ROTOR AERODYNAMICS
/2e// TaAl Rotor Turtulence Peotor

ER - 1 (6-7) )
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KAVTRAIEVCEN 1205-3
Qeps Tall Rotor Torque at Main Rotor Shaft

Qy = - [c%lofrr Ro2(RR)Z, "-m] 6.1 (6-8)

c
-.ooehr(rm)

s Tail Rotor Coefficient of Thrust

c

Un

c
Trp

Cre = 432 ¢ Byoi Agp = 40UB0 £ (Gpp) ¢ L0211 £ 8, )2(A) (6-20)

U
Pm’

V- 6.061‘*2.,.;
Pm'—}—ﬁ.?'i'_l—z (6-11)

Aa_s Toil Rotor Solidity/Advance Ratio Parameter
A~ = 01945 Ay + 0.1790 By (6-12)

Ay, = 2@ By = 2(Bg)

Tail Rotor Normal Velocity (Nondimensional)

U

Gems Tail Rotor Disc Plane Velocity Angle

W + 36,06
-1 Y
c = tan JUL (6-13)

O-Udna.m-(w+36.06q1) 08 Gy

Prgs Tail Rotor Sideslip Angle

-1 V - 360“ r 4 2.7"1
= tan
TR VU + (0 + 36,06 ql)i-

P (6=14)

0 'J g + (H + 360“ Ql)!. sin ’n’ (V~36.w r ¢+ 2.7’4?) cos ’m
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NAVTRAIEVCEN 1205-3

Vop» Total Velocity of Tail Rotor Hub

T sV T + (7 = 36,060 + 2,7p)? + (W + 36.06 a)?  (6-15)
4, Tail Rotor Velocity/Thrust Ratio

o
K = 056 Vo £ ( ™ (6=16)

8yps Pitch of Tail Rotor Hlade at 3/h Point

Opp = 10.03 ac’ - 1.8 (6~17)
0 < ac’ < 2,293
8¢’ e :1076, + L0676y, + 1,77 + ASE Inputs

IANTING GEAR
Fy» Right Wheel Porce

Py = ~10,000 ( Hey + ’ﬁ—) (6-18)
Only when right wheel has tcuched down, Otherwise sero,

¥, laft Wheel Porce

Pryy = =10,000 (BD! + %-) (6-19)

Only when laft wheel has touched dowr, Otherwlse sero,

Foy» Tail Sheel Force

Py = 2,500 (n,,‘,}) (6-20)

Only when tail wheel has touched down, Otherwise sero.
LIONGITUTI NAL FORCE
Xgs Total Longitudinal Force

x."?*xm"kn"“u’xwﬁ (6-21)

no



)

(5)

(6)

NAVTRA IEVCEN 1205~}
x’, Fuselage Longitudinel Foroe

xr-Lpnuarnrooocmﬁ

le_l’ lLanding Oear Foroe

Tyg = K (025 2 = 2,53 (Pg ¢ Pyy) K

x - 01 UG > 2025 fp’
KeoO 2,15 < Uy < 2,25
! = .1 ua «< 4025 m

SIIE FORXE
Y,» Total 3ide Force

LT *Im Ry, * e

Yp, Fucelage 8ide Feres
y,-.n,mﬂ}

rwsmrmnuummw

R by

IOWN FORCE
Zgs Total Down Poroe

g =Lyt Lg =Ly * 8¢ K

Z’, Fasslage Effect

z'--l.’oocq'-npdacuc y

io,hndingﬂarhm

g * - (Ppyy * Py ¢ Py

(6~22)

(6=23)

(6=21)

(5=29%)

(6-26)

(6-27)

(6-28)

(6=29)



NAVTRATEV N 1205.3
(7Y ROLLING MDOMFNTS

Total Ro 111:1‘ Momant.s

La.radn’LR*LRH*z”ThYTR*LLO’ALa*ql

Ll (56u.5) + Ly + Loy (6-30)
Lps Main Rotor Rolling Moments
1y = 7.85 EYR (6-31)

5&, Landing Gear Rolling Momente

Ig ® 65 (Fpy - P (6-32)
L,, Puselage Effect

Ly = 5T (1)) 4 0> 0 (6-33)

(8) PITCH MOMENTS
My Total Pitch Moment

Hl'zadx'xadl’"R‘Hm‘nF‘lRH'?:%
* M.-Pn (5&.5) ’M (6-333)

Horisontal Stabiliser

All horisontal stabiliser effects are cancellsd due to
incorporation into proper fuselage effects.

Mp» Main Rotor Effect

Mg = -7.85 "n - 073 Ly (6=36)

Ve Landing Oear Pitch Momente

Mg ® 138 (Fy o Ppp) - 18,99 Py o 5,36 X (6-37)

1n2



(9)

(10)

NAVTRAIEVCEN 12053
M, Fuselage Pitch Moments

Mp = {390 [.058 + £{a)] + K; 23.63 q (6-38)
K, - 0 for no external stares aboard

K; * 1.0  with externsl stores aboard

YAW MOMENTS
NQ Total Yaw Moments

ﬁs“"&%’“i + Ny ¢ H, < 36,06 Tpp ¢ Npjy = Qg
* Ipgplle My ¢ by ¢ Ng (639

N, Wheel Yaw Moment

With either or both main wheels on ground and tail whesl
on ground with tail wheel lock off

K, = 2200 U, r Kg (6=40)
L Fuselage Effects

Np = 4228.8 q f@ . (6=h1)

Nr,'hu-ningl(o-antmotomrningmte

.Hr - 102’762 % qQ (64‘2)

N Landing Gear Yaw Moment

HIATE ELEMENT AXROINNAMICS

T, c0s ¥, sin ¥ Values

Inmequtioncanmnt:y cos ¥ and/or sin ¥, the
equation must be compu H Y tunoeo‘myto

include all combinations. ‘nut is 3 times for y alome

6 times for «in ¥ and/or cos ¥ alone
18 times for both y and sin ¥ and/or cos ¥
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RAVTRAIRVCEN 1205-3
Stations are distinguished by subsaripts v-y. Thus,

the 18 blade element stations are denoted 0-9.9,
0-21.8, 0-28.1, 60-9.9, 60-21.8, ete.

Tangential Veloolity
Up = (o +y)(l+Veosy+Usiny
-y

Vertical Véloeity

o -W W, - (0;0173) + (1,052 +y)
Pyr Yyr ’&v

(q cos ¥ + p #in ¥)

-ﬂf(u cos ¥ = V sin ¢) (,0173)

:ﬂ’ Inflow Angle

U
P
‘V‘V-ﬁu (radians)

Hlade Angle of Attack

QH-OH’GW

gmntchl.ngh, Degrees
ew-lo‘-lllocut-nhdnf"ly

Loy * f(b,o)

big * (8, s Beye %o,

B, " t(a%, 8y ¢ 5e,) Q, = -.258 deg/ft.

/O, Density of Atmosphere

p/ 0Ovhenfl<S$S
1P whenfl > 5

11l

(6-bk)

(6-45)

(6-L46)

(6=47)

(6=1i8)



NAVTRAIEVCEN 12053

M7 , Flapping Moment (Main Rotor)
¥

Mg = o0 178,68 v, ¢, L 176.9 0%, o
v ¥9.9 Ly9.9 v-21,8 Ly21.8

v 56,50 a’T ¢ ] (6-4i9)
$=28,1 “y=28.1

Qm&, QHR’ Main Rotor Shaft Moment

4 2
-/ [(78.,54 U, 0T, C - 73,020 ¢ (6=50)
%’ 2 r Up L'*_q‘g T D‘ )
"909
+ (190.0 Ty Up Cy - 180,3 “21 ¢y )
¥-21.8 »-21,8
+ (60.k2 U, Uy - 106.2 ¥ ¢ )]
9=28.1 ¥-28.1
- 5/6 (6-51)
Y0 4 Sm,
Ly Lyg» Rotor (Z) Forces
=Pl gl e rig
9,9 v=21.8
. 1,96 ¥ g, ) (6=52)
¥-28.1
L = 5/6 ({ L) (1 0+ £(H) . £(9,)] (6-53)
Dys P‘xR, Rotor (X) Fox:c:
n - Plsass ?royl  -esnmol ) (&)
9.9 v-9.9
¢ (9,380 U2 c, - 8,741 U, U, cl' )
¥v-21.8 ¥-21,.8
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v (3,385 o ot 2,046 Tg Ty Gy ) )
Ve VW e Y T G T Vp 7y, /
|v.28.1 v-28.1
Yy . .
R 5/6 ? ( 0173,4 L, cos ¥ - D, sin ¥)

Py , Rotor Y Force
R

- ¢ 5 ” 4
FYR £ ¥ («D, cos ¥ = .0173;9', Ly ein v)
4
CL y Coafficlent of Lift MPunction of ¢
vy

C‘L* - kif(aw) 1e«1,2,3, 4,5
q

u§ Cp ., Dres

. «f(a, , Uy )
Tow Diey ¥ Ty

£ ¢ Flap Angle

ﬁ'-??d (to.-cl.ooav-bhninﬂ

/9 v® 57.301 (&g, #in v < by, cos v)

e 340 bh, Flap Angle Fourier Coefficients

|
.n%’nlw’”fgo’nﬁm’ /g!ooxﬂ
‘s L, 768,092

(6-55)

(6=-56)

(6=57)

(6=58)

(6-59)

(6227

(6-61)

Mg Mg Mg _ Mg
- 0 120 4&" &obh(o.séS) -, (1.05) (6-62)

s 2,8, 800
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NAVTRAIEVCEN 12053
-{
\yo . O.W&)- Ocmp - Hﬂ - Domﬂ

. O'% )

b1, 320 )80 240 20C
215,L60
- ay, (0.568) - p (1,05) (6~63)
LﬂH' ”’RH’ Rotor Hub Momsnts on FPuselage
SRS SR PR s
Kﬂ.-oé%l.,ooa#*?-!s!aoflzil' (6--65)
(W,) , Local Inflow Velooity
h o
("Il)
(w,) e (W) m-1-~(1 g-’-— v
1*-; D - *,,300“0
maarn
. fﬁmv) (6-66)
TRARSIATIONAL AND ANOULAR RATRS
I,
Ug =/ i—i--gcino at (6=67)
1
vo-/ "-30¢m0m0-uar]dt (6-68)
E
\io-fif-ogooaOoolO-qul]ﬂ (6~69)
N, K, b, Barth Axis Velooities
ﬁ-ooovCnoooodoauﬁ(vocianowom-O_D
(6=70)

-mv(vcoo.o-vomﬂ
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RAVTRA IEVCEN 12053

é-lm7{0000000m@(volh0¢wom-0)}

¢+ cos ¥ (VG cow & ~ W, sin ®) (6=T1)

{,.uoune-ooeo(vomoouoooao) (6=72)

Wind Velocity in Body Amws
Wind blows from ¥, beading (true) nfU‘H/r-t/no.

No vertical cosponent of wind is considered.

- O, =G cos & oos (Y - T, + 180°) (6-13)
-vw-vf/(m0¢mQul(Y-1'4150°}
¢eoaOlln(Y-!'0180°)j (6-T4)
-HH-ﬂ/w/(ainOocmOeo- (Y - 1, « 180°)
+ oin & & (v-!v~1so°)} (6-75)

Relstive Air Velcoity ia Bedy Axes

O e UG * U' (6'76)
VoW, oW, (6-78)
Fusslage Angular Rates

L
p e VA -Ii-! dat (&=T9)

/"‘ (6-80)
q] - r’-y dt
N

re/ i: at (6=81)

L 1



NAVTRADEVTEN 1206-3

Mear Inflow Velocity

L
/ Mi

(W)

- —— i (RO

! mear: Iz w 7 > ( .
C2PMRY S e[t mean) £ 0] o v

%, Mai, Qotor Velocity

s e Tt m e~ T i
10,27¢

North and Bast Positions, Altitude

N=_/ "NmH LY
E=/E dt (£-81)
h = /ndt [t bEY

deading Angie

Y =~ {(r cos & + q) sin @) sec ¥ rdns,/sec, (¢mB7)
Y -57.3 / ; dt degrees

Pitch Angle

é =q, cos ® -r ain & rdns, eec { £ BR)
8= 57.3 .7 6 4t Aegrees

Roll Angle

; - n e y ain @ rdns ‘sec (£-89)
¢ =<7,y / @ dt dagreea

(12) MASS AND INERTIA

Center cf ‘ravity Position (Peet)

d - "-(;1., + -”)‘ K1 +* '1,)'3 K7 - .{X)(‘( H
x ‘ fava

[
-
RS
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NAVTRATEVCEN 1205-)
TANTEM ROTOR TEVICES

(1) FUSFIAGE AERRODTRAMICS
ﬂp-ﬂy Puselage Angle of Attask and Sideslip Angles

-1 fw-» (witv) f (V)J

ap = 9.5° ¢+ tan = (6-91)
, ] <
J ; + W - (W, ) £(W)]
2. Pupelage Lynanio Pressure -
a=§ P (Vo -33900 £() £ (W, )e 21238 £(W)EOH, )] (6-92)
T L Liv
Ly: Fuselags Lift
np, Puselage Drag
Dy = 4 f %) *qf (ap) (6-5L)
Puoe Alr
vT - \/UY . V]'r . EU - f (wilv) 4 (V? (6-95)
(2) LANIOINO GEAR
o
Zi = ~[£(H) = L)K, (U000 - 8360 (025 + Koppe Koo
g
lvgf (6-96)
Rl
1., = -[£(R) - GA]K (8360 « 00O (,025 + Koo Koo)
U
=29 (6-97)
%0

120
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"‘m landing Gear Rolling Momsnt

Lo = Zro (¥ - Kyp!
(3) LONOITUNINAL FORCE

X., Total Longitudinal Force

I =X, +F, +F, o Alg.+ - 0436 L
i S SRR A ra* X0 AR

x’, Fuselage lLongituadinel Force

Ip = - 0.986 o, - 0,165 Ly

(L) SII® PORCE

Tos Total Side Force

Y oY

a F’p 'AYR.A° ?.

Y
Y AR
YF. Puselage 3ide Porove

Tp = - q}f(ﬁ,)

(S} DOWN FORCE

Z',Toulnovnrc;rce
N B e R TN

(6) VERTICAL FORCES

Zps Fuselage Effect

Zy * 0,165 RF - 0.986 X.'

(7) ROLLING MOMENTS
Ly’ Total Rolling Moment

La®*Tam* T * Trmw * T e

¥4l

(6-98)

{6=99)

(6~100)

(6=101)

(£.102)

(6~103)

(6=104)

(6-105)
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RS TN PR L

-_IFR’—'TAR’ Rotor Rolling Mcments (6-106)
B - (8.18) (7, )
Tr -

o (7.65 (Pg ) (6=~107)
T 1

-_] r: Puselage Rolling Moment

—-]’ = q f(py) * QS (a) £(By)) - Kip, (6-108)

‘1 to be detarmined

(8) PITCH MOMENTS

)(., Total Pitch Mament

n‘.z‘%.honu.n“aom‘u (6-109)
Hﬂl’ Ilu Rotor Pitching Moments
Km - - (8,377 me « 16,49 Lm] (6~111)

(9) YAU MOMENTS
!‘, Total Yew Mament

A Bk R BT TEL A P

222
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NFR’ NA_R Rotor Yaw Moments

- 16.L9 F (A=11L)
Nep T {

- ~ 16,84 F {(6~115)

N
LR YLR

N]r Fuselage Yaw Moments

Ne=af ) - Kr Ky to be determined (6-116)

(10) MOMENTS TURNING
L Turning Moment Due to Turning Rate

- Nl‘ - Kl vf- (6—117)

-4 Y,

{11) ELADF ELFMENT AFRODYNAMTCS
Y, cos Y, sin Y values

In an equation containing y, cos Y and/or sin Y, the
equation mst be computed s many times ae necessary to
include all combinations of the forward rotor. That is
3 times for y alone, Six times for sin Y and/or cos Y
alone. Eighteen timee for both y and sin Y and/or cos Y,

Stations are distinguished by eubscripts Y-y. Thus, the

18 blade elemsnt stations for each rotor are denoted (0° -y)
FR, (60° -y) PR, (0° -y) AR, (&0°-y) AR, etc. The subscript
FR or AR denotes forward rotor blade station or aft rotor
blade station

UT Tangential Veloclity

Y

0 = (e +y)LL+Vecos ¥Y+Uoein?¥ {6-118)
v-y
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Up Local Vertical Velocity
(Yy)FR

“w—

-Y/év(O.o.i?J) + (e v 9}

J e W
P?ay 1?-’

(Q1 cos ¥ ¢+ p sin ¥)

-/7 (U cos ¥ =% sin ¥) (,0173) - 16,49 qy
) {

t(,_’)m, ’Q'“l)m Irflow Angle

% vy
- {RADIAN)
G"Y UT Y"y

c('_l) Rlade Angle of Atiaock

Sy " 9y ¢ Yy

) - A

Yoy &"‘ °°""Bu“""°)g

1s

NS, Flapping Komente
Y

Hﬁ-/alﬁus v? e «132.6 0,2

3 T(y-7.3)

r
Tiyar) « 23 02 :

‘ ]
T (v-23.1) Y(1-23.1)

, , Rotor Shaft Moments
& S Y

a
Y A5 ”rcpcti - b1 0y

(¥-7.3)rR (2-7.3)7R

n 2,
+ 70 ‘YUPCI’ - 170 !}T “p|
(Y-17)FR

124

(7-7.3) T (vamn

L (Y-17)PR

(6-119)

(6-120)

(6121)

(6~122)

(6=123)

(6=12L)
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. 20 ULU - 13 % ]
T PCL|(!-25.1)FR T P(v-23.1)FR
1 o
.z L. t(AL ), £(U) (6-175)
“)'FR 2 %_ YFR OSF'R
oy,
G = T2 e B(W L £(A,. )+ (A, )3 + 1000(A,. - Ao )]
AR AOSFR R 03 03 IR oa, T "0an
(€-126)
L*FR’ LFR’ Lsr Rotor (Z) Forces
L 2. 2 2
Yoo =/217.5 UC + 7.8 U.°C + U C ]
TR T L7y TLlyan T Tlees
(€-127)
Lo =% (2 Ly ) [0+ £(H) . £(¥)] 1.10 £(0) (€-126)
v '
AOSAR
Lyg = 119k Lyg vmp—2 o £(0) . £(V) . £(A )
OSFR OS?R

. f“Osm) (Lpg *+ 1000 AA03] . 1ooo|umlxms + 2000 qq
(6~129)

K‘FRS = 1.0 when LI"R-)- LMAX

=0 otherwise
L - L’ when L 7 <
AR " g AR S baax
V4
® Lyax when Lp > Loy

Lyyg ® (6.5 106)/0 . £(U)
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Rotor (X) Forces
AR

Dy, ,?

r
' Xpy’

X

2
D - (7.3 U - 7.5 UU
Yem /0[ W TCDI(MJ) ? “’c“’(!

2
+ (.38 U.°C
T Df(ya7yrr

‘ 2
+ (€.37 UC - UU.C
T D‘(!-23.1) T

'xn'%i-;- (.0173 By L'ncoo 1-D,

) 44

) £ o P

In  Im

¥y ¥, Rotor (Y) Foroes
FR _ “AR

Fy

£

IZ
- <D
2 v[ 'n

Py

<P, +300 £(U)- £(V). £(R)
2 e s

CL . Coefficient of Lift

¢, =K fley ) 11,23, L5

126

PLf(y-23.1)

+ 300 £(U) , £(V) « £(8) 4B

cos ¥ - 0173 By L
'z 'rn

- 7.8 Ul
T ’P°L|“_1.,)

J

sin V)
FR

sin Y]

)
‘7 03)

(6-130)

(6-131)

(6-133)

(6-131)

(6-138)



MAVTRADEVCEN 1205-3

¢+ hlam(.390) - 1.028q1

127

Ue C
TD
S o 4
2
U ¢ e f(a, , U ) (6~136)
Tv-y Dy-y) ¥ Ty
Bys Flap Angle, MR, é,
. - 57.3(a - cos Y - sin Y) deg. (6~137)
Prgg =27 sy ~ Magy "lepy
p!m . 57.39(;1.,IR sin Y - bhm cos Y) deg/sec, (6-138)
20,5 8, By Flap Angle Fourisr Coefficilents
M « M + M . + M M
P Pe Bao,. ~ Pisa_ P2 #y
L Mo ooy Pioy gy oo
FR L,550,253
(6-139)
+ - - M
L P haoy Py " Prooy
Lapp 18},807
(6-14,0)
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M 05 - DS M - 0,5 X + 0,5 M
. .4) ’” ‘izon 180py 4&0“ 4900“
18y 160,043

‘ﬁun(.m) - 1,028 p (6~141)

—'m‘-,m, HTEI’ Hm Rotor Hub Moments on Fuselage

gy = - 2225 M (Lyyp &5 7) + b1 A2 bl‘m (6~142)
Tars © T ¢ 610 M4, KA (6-143)
Mgy = =+2125 ZImeooiouﬂ.zﬁ (6~14k)
Y ®rr
LR) LY - (6~145)
w, , Local Inflow Veloolty
(v-y)
) 1l co- V- sin 1)
Wy (ry) (¥y) (moan) (ﬂ'il")( E%
(6=1)s5a)
(12) TRARMIATIONAL AND ANOULAR RATES
Body Axes '' Oround'' Velocitise
U-/[-—--cm(O-Q.S)Jm (6-146)
\ A ﬂ...w.(o.q.s)mc-uor at (6~147)
2
Wy =/ H-:-’looﬂ(i-‘?.S)oooOOUOtll]dt {6=1L8)
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N« oos ¥ [0y 003 (8,9.5) + sin (Wf,5)(V, sin & ¢ ¥, oca @))

-mv(vowu@awamo) ( 6mlieS)

L NI R (0, cos (2,-8,5) + ata (8gR.5)(¥, min & « W, so0 9)]

och{V,J ch-HGmQ) (6=1950)
h e Ug 0 (8,9.5) -~ ooe (6,-9.5)(V, sin ¢ ¢ ¥, o0c @) (6=191)

ViRl Tadeotw in Body Amse
Wind Hews from Y, Bsedirg (Troe’ n‘\f/m

o Vertical Compomsnt of Wimd L2 Comsidered

- U e W 008 (8 - 9,5) oes (Y - ¥ ¢ 0% (6=15%)
A, o v (4,9.5) etn ¢ eon (71, + 180°) + cos ¢ san

(e« 180°%) f (6=253)
- - v{{;u (8y - 9.5) cos ¢ sea(¥ - T« 180°)

* oin ¢ win (Tol * m’)f (6-15%)
Raletive Velooity in Air jn Body Awes
LI R (6=15%)
VeV, oV, (=156
W W, v ¥, '6=157)

; %* . { 5158



NAVTRADEBVCEN 120¢-3

qy = ;.‘3 dt (t-169)
¥y
N

re/ 7;‘- At (6-160)
=

Mean Inflow Veiocity

, . 00028 L?R . 1

w"(mm)nz - .m-——- LOORE - W (H-1€1)

@, Rotor Angular Velocity

5,%’u‘;‘£f"‘n‘*‘m“x -

Lror * Trg * Iap

North end Rast Positions, Altitude

N /N A (6-163)

P ji dt (6-161)

h o ,/k.a dt {6=168)

Heading Angle

; « (rcos ¢« q stin ®) sac (6, - 9.5) RDNS/SEC (6-16£)

¥ =573 /i at DEGREES

Fitch Angle

;a * q, cos ¢ - r ain ¢ RINS /SEC (6-1¢7)

e-g?.a,’édt,d,.-o*'?.so DECREES

Roll Angie

5 e : 8in a,, - 3.5) RDNS /SEC {6=168)

@ =573 DEREES

JR 1Y
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dx, dy, ds, Center of ‘ravity Position

dx = L300 ~ ,00ARY7 (M{ + Mf Ve (INST (616

4y - (S.1L Mo -~ Sl My ).

dg =« O

|4 'L

R L‘Mi

'« V/STOL AIRCRAFT (TILT-WING)

1., NOMENCLATURE USED IN XC-1ll2A BQIATIONS

Jymbol

b

-
[ d

"-b

~

Dafinition
Wing 3pan

Mearni Asrodynamic Chord
Incidence Angle Horisontal Stabiliser
Incidence Angle - Wing

Main Propsllsrs n=1, 2, 3, L - Top View lLaft to
Right , looking farward

Iynamic Pressure - Free Stream

Iynamic Pressure at Horiscntal Stabiliser
Dnamic Pressure at Vertical Tall

ynamic Presesure dus to Power on Wing Bffects
Flade Pitch Angle - Main Fropeller

Toafficient of Thrust at ~ing Due to Inflow
Velocity

Mampter Main Priozsgller

DMamster Tail Notor

Puselage

Horirontal Stabiliser

Tnertisa of Main Propellsr Rlades and Thaf*
Inertia of Tail Roter Rades and %haft

Advarce Ratic Mailn Propeller
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Dafinition

Advance Ratio Tail Propelier or Rotor
Main "ropesller Moment (Initially Piteohing)
Main Propeller Thrust Component Normal tc Tn
R"M - Main Propeller
Nomingl RPM - Main Propeller
RPM . Tail Propeller
Main Propeller Torque Coefficient
Total Area of Wing
Total Area of Main Propeller Disks
Total Thrust of Mair Propellere
Main Propeller Thrust
Tail Propsller ar Rotor
Thrust - Tail Rotor
Total Velocity in Alroraft Body Axes
Vertical Tail
Total Velocity in wind Stabllity Axes
wing
Main Propeller Moment (Initislly Turning)

Angle of Attack - Puselage

Angle of Attack - Horisontal Stabiliser
Angle of Attack - Wing

Sideslip Angls - Fuselage

Hlades Pitoh Angle - Tall Rotor
Sideslip Angle - Wing

Dowrnrash Angls
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Jymbol Tefinition

90 Angular Velocity Main Promeller

ée Anguiar Accelerstion Main Propeller
Iep Inertia of tail rotor blades and shaft
QTH Angular velocity tail rotor

&TR Angular Acceleration Tail Rotor

TILT WING AIRCRAFT SIMULATION EQUATION

a. AERODYNAMIC VARIAFLES

Gy tan~t (%)

Y

- v
pF-MI(W}
VB-\’"‘¢;T-?—

2
q~1/2 PV,

p=f (hr)
b. MAIN PROPFLLER AFRCIDTNAMICS
*o - (1H + ar\,

t - Y - e \
4y = Vg cos B, cos ¥ yn(p sin i, ¢ r cos 1

+ an1 sin 1" + 'nql cosn 1'

<
[}

0 v, sin ﬁ,.

'n - ‘B cos ﬂp 8in 00 + yn(p com iv - r 8in 1"

- ‘nql cos 1.' + 'nql sin 1'

) ey
“n N, B "n

v o= 127 7

r Vo 41 r

i}

(6=170)

(6=171)

(6=173)

(6=175)

(6=176)

(6=177)

fAm178)

{ 5179
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. 60, ,Un
Iy = J, cos v, ° (—5) (N;')
J_ sin - (%) (¥ n '“Vn)

n ¥ 'n

2 C

C 2 " ™ )
- ) ) / * (‘T * T
Cr =0y °)J’ i ¢ J g ! (n ) oF ®n * ymv B

n 2 7 2cC
- ‘) P" ‘J P(J,)2 P ‘) 1o
L AN R I n o R n 9RJ’
2 Ncot!)
hun 85[ ]BJ 8in ¢

cot 0
] Bndn ain *-‘1 ¢ mm—

r f’o} -
N
- ¢ ) 3,
O [o] n
N2
Y- > ) (L) Cy
o o n

) (z_‘iw

/
n

134

{6-180)

(6-1R1)

(6-182)

(183}

(6~184)

(6-185)

(6~186)

(6-187)

(6=188)

(6-~189)

(6100



(e,

(AZ‘)

(Ll )

(av))

where

NTPi

NAVTRAIFEVIEXN 12067

N 2
s Dy ~ § A
A r} \ op
(o] o r
L

- - , )
Z { T, 8in 4 - N corS ccs i)

nel

- [({az2) - (82.) Jy, - [(82 ) - (82)
.pl .ph 1 ap2 'p)

- ((AX) ¢ (AY)
“h pl * ol

nel

vot nel nel

(?‘L1 cos Dl sin 1, + B cos Bi; ain 1.‘) 2

L)

(N2 coe 02 sin 1‘ . IL! coe 03 sin va 22

+

(H.l <:4:ol[31 cos 1 ¢ Nh coa,fih cos 1.') Xl

+*

(Ny com (3, cos 1 ¢ Ny cor By cos LR O

- t C!n "J‘Pn) + &1 M ccapn}
ne

nel

= 1026(T, « T ) & |, 2T, + T}
1 4 2 \

Pivot

13y

)72

] - [(a) (&) ) s
5 ‘*I-pz H.p} 2

L b
- Z(Ih cos ﬂn) sin L - f:(!ﬂ sin 9n) sin 1
nel

b 4
¢ ETn(coa %) 'Pivot * ETn(ain 1") x

H-191"

(192}

(6=190)

(6=195)

Pivot

(6196
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[ LT U - " -~ am "‘ }‘ .
\ANR)[‘ {‘Axl)pl (Ml)p ¥y “Axa)p'}‘ CAX v,

L mord

0[(AY.)p1 . (AY.)ph]xl + {(M'.)p? * {AYa)p];x? {(€=197)

- %: (rn coaﬂ”,‘. cos 1" - nél (P&\ sir pn} cos {

n=]

WING AERCDYNAMICS

vp “w, «-Ustn 1, * % cos i, (6-19R)
up e U cos 1\’ + W sin 1\' - VB (E~199)
[ ] ’ "
v & av) Vv, (6-200)
) 2T 1/2

AV - + { . 6-2
‘up k% m— ) ( O8]
Cr.g ® %Sp (6-202)
Q" (2 ¢ Tsp) (6-203)

2 2 2, 12
V' - (vp . (up « A" o v, (&-204)
-1 "
a, * tan { % '_KV) {6-200)
p, = tan”! d (6-206)
/
[Cu on? oy 2172
2 2% 2
Cp =% *XG ec, ere &0 aly 6-20m)
Y¢ “ar I8°r
7
C. =C, 2 BF o+ C a y BF . 1 (6208
T, Mt L, N TR B (62208
o AR c'
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b

(Cpg) » C " . 0 , BA » . —t.).." N { @OV
R A R R

(c. Ve +c¢ RS - L (6=210)
Vo S
(7Y wo . + « BA + b C . p o+ ..b_ o r {6-211)
LRI SR R S SRS e et
In RBody Axes
(: } ‘..c [ - 0 in - - 6~2'12‘
It St i f - § & =1, - q, ( '
(Cz)' - alnf - Cp coaf (6-213)
(Cp) * (C; ) cos + (C_ ) sin (6=2,L)
2, " (o) conf v (o f
b 4
(C) @ (C )2 (c) + -2 (" (6215)
™ " c 1 v ¢ 2 v
(€) =-(Cq) mnt « (C_) cos (6-216)
n' l" f n, f
(ax.) = (cx\ s [r(c:.r 8] q, (6=217)
w w ’
(82.) = (r, 8 [£(C. o)) (6-218)
. z T8 Y
(L) = (C4) b3 (£(2y §)] q, (4=219)
v w ’
a) = (C) e s (flCy )] g (6-220)
] - '
(8N,) = (2,) bs “(Cr,s” q, (£-221}
\J w
4. VERTIZAL STARILIZER AFRCDTMAMICS
8R {4222

n, e G . 0 .
Y w' IJF Y-‘R

1
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fl-%,ﬁyofxan.«ﬂ{'

b

3

[C“ .r‘*C‘ .!"]
B P r

e, HORIZONTAL STARILIZFR AERUIYNAMICS

a, =ap * 1, = €

(&) = - [CD cow “t - dt) ¢+ C, sin (itu at)] 8 (-

H3 t t

<

(A2 ) = |eC. oimn (4, =a,) - ¢, con (4, -~a,)] 8
RHS Dﬁ; L t Lt t %t

P4
(AM 5 = (A1) . Bhge ¢+ (82} . . 2P
LI a'yg HS .mlﬂa BA

[C-ql - YB + f",nd. w)
f. TAIL ROTOR AFRODTNAMICS

('o)m Q0 + (GF "e)

Uy = V., #in (9 °
R 3
* ° -

118

%y
-3

(s

R

(6m223)

(622}

(6-225)

(6-226)

(6-227)

(6-228)

(6-229)

(6-230)

(6-231)

(6-232)

(6=233)

(6~23L)

(6235
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Vi " X, cos (00) 'IT‘R 9%

TR
Ipg ® (& I
Dpp Byp
. 60 | ,-"TR
Jy * (g =) (=)
™ Oy Ky
2 2 172
T = (dpp * W)
20y
Cm =C (B ) * -
Trp Ty R T
2¢ ¢

(AN.) - Qg

TR

FUSELAGE AERCIFNAMICS

(8X_.) ==q S C,
1? ro

. eqSC
(*I‘)p q

?Z& ‘/5 r
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(62 30)

(6-237)

{6-238)

(6-239)

{6-21;0)

{ 6-2L:1)

(6-2L2)

{6=243)

(6=2Uk)

(6~-2L5)

(6~2L6)

(6-2L7)

(6~2L8)
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(Aic‘.a) » ~q 4 CL . Oy 1621,9)
r ay
(6M ) = gSslCc_ <+ C . “F) (6-250)
4 "o mc?
(AN‘) »~ q Sb Cn . ﬁr (6-291)
¥ Br

CD . CL » & and C also have effects in the wing
0 Iy "o "B?

cerodyvamics.

TILT WINJ AIRCRAFT FORCE ANT MOMENT EQUAT JOMS

(1} X Zorce Bguation

%(’(Cr,a’)“w * '; Hn cos i' - nn «::cm,Cin sin 1v)

q
v , HS
46% coa(it - 5@’ . c!‘t. aua(tt - a, )] SQ(T) - Sq(:b0

-a(Uoﬂql-S’ﬂounne

(2) ¥ Poroce Bguation

Yt
n}i (-8, sinP) + Cy 6Q(-) sqcYﬁslp . By

o« m(V o Ur - Wp) - mg cos & sin &

(3) 2 Force Bquation

L
Cz\?{!’(cr.s)]% . ;;l (-Tn sin 4 - N cos ﬁn cos iv)

cos{i, - = )]Sq(?-’-!é\ ¢ Too - SQC
. TSR S Larut TR L %
%

-m(\.ltﬁp-mx)-ncootcmé

*(CD‘ e in (1‘,‘ - G‘t) - CI.
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{};) Hol) Equation

Glu bS[f(Cr’S) ] q,

{ - . r 1
«[{ *Tl ain 1" + N.l cns pvx cos k“) (OTL‘ 3in 1\' * Nh cosy "’hcos i");lV,L
0[("!‘2 sin 1' - .‘!2 vu.p.z cos 1") - (<>'1‘3 sin 1 ¢ N} ros ﬁg cos 1‘)])!?

*(+N sin 3, Nb sin ﬁh) 2, ¢ (0N2 sin (3, * N3 sin3.} 2,

b L 3
- 7 : P -Vf_,.
- zn-l (Y, com3 ) sin 4 zn-l (M sinB ) sin 1+ Gpb G =

" LpP e Iyl e (G = g TE ¢ ggpheor
- 9 (Ighy) 8in 4, + Q) LygBay

(s) Pitch Bguation

Gm'cS[f(CT’S) ) L

L L
y <
* ”’rPivo’t * ;— Tn(coa 1\1) ‘pivot * cr_ 'n‘sm gu) xpivot

-(Nl coe,ﬁ1 ain i ¢ NL coaﬁh sin 1') z,

-(N2 cos p2 sin { < N3 cos ﬂ) sin iv) s,

4(N1 e.:oaﬁ.l cos xv . Nb o8 ﬁh cos iv) xl

‘v(N2 cos ﬂ2 con 1\' + N3 cons ﬁB cos 1\')):2 - %;.T(Ynsin ﬁn)

. 2;1 (Hn cos ﬁn)
Us

O(Cﬁt cos (1‘ - a,) ¢ CLt s%n(tt - at)) Sq(-a-) hye

q
- HS
'((’D& sin(1, - o) - CLL cos (1, - at)]SQ(—q_) L

1
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2 .
* 9!12& (clql' qlxﬂ ¢ C.&-Ul ¢ T"I‘R ITH * ch(Cn * cl ’ “?)

228 = Taglt =T+ 1y = Iyghwr

*p(igy) sia l, o r{ly) cos ty

(6) Yeav Bquation

anbS[f(Cr’s) h'

..[(‘rlooe 1, - N1 cos (3 sin .1" - (Th cos i - Iﬂh ooaph sin 1')} ¥y

-[(1‘2 cos 1 - K, cos3, sin iv) - (‘!'3 cos 1 - l3 muﬁla sin &)] Y2

~(oRy d.nﬂl ’ 'h mﬁh)x.l - (oNz ain B, + llJ linB3)x.‘2

b L
- E’ (Y, 0023 ) con t -~ E (M, sinQ ) cos 1

nel nel

.o o
'cnbN(“{i"‘)"Q&vnﬁ'oﬁr‘%

e 1yF 47, (b -apr e (gp = Irp-vy
- (L8t T, o (18) con 1, - plnlp

No eimplifications hawe been mede on the right side of thess six
equations. Torms ignored in meahanisation are those with diagonal line
through them, External stores, roagh air, or landing gear conditions are
not developed in these equations.

NOTEs In equstions 6-217 to 6-271 and equations 1, 3-& of the preceding
farce and moment equatlorns, [!{CT <) . %7 ir a dynamic pressure term
’\J

due to propellisr dlipstream, C 1a the coefficiernt of thruat due to

the induced wing velocity av, c&!@ributsd by the rropsllsr slipstream,

giving an increased 1ift effect. With sngines off, H{CT q) . %}’{1.&”‘
pk

and squations 6217 to 6-271 vecome force end mament eguations as woul.)
bs expected for ist aircraft, C. . 12 & {{ VB) and despandert
an wing tilt end wing {lap unglexi"”
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